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CHAPTER I
INTRODUCTION

As early as the 1700’s, scientist were aware of the importance of incubational
conditions, and their effect on the development of embryos. Optimum incubation
conditions must be met and adjusted to allow for normal development of the embryo and
to achieve maximum chick quality (Barott, 1937). Incubation temperature is said to be
the most critical of the incubation conditions to achieve maximum hatchability. Although
the temperature of the embryo is influenced by the incubator’s temperature, a balance
between the heat produced by the embryo and its transfer through the shell to the external
environment must be achieved. The metabolic activity of the embryo increases as
incubation progresses, which can subsequently increase the embryo’s temperature above
the incubating temperature (French, 1997; 2009). Suboptimal incubation temperatures are
a major constraint for poultry production, because they can alter embryonic metabolism,
thus impairing embryonic development, and ultimately leading to economic loss
(Romanoff et al., 1938; Lourens et al., 2005; Joseph et al., 2006; Loyau et al., 2014).
The long term commitment to research and genetic selection by the poultry
industry has resulted in high yielding broiler strains which demonstrate increased growth
rates during embryonic development. Rapid growth rate which results in an increase in
embryonic heat production during the incubation period can be exacerbated by the
environment within the incubator. Artificial incubation of eggs involves adequately
1

maintaining the environmental conditions to maximize hatchability. Over time, the
technology and control equipment used in hatcheries has improved significantly
(Meijerhof, 2009). Incubators are now designed with “embryo-response” control systems
that monitor the developing embryo and maintain precise climates that better meet the
needs of the embryo (French, 2009; Jamesway, 2012; Petersime, 2012). Because other
methods of estimating the temperature of embryos are invasive, eggshell temperature is
widely used to estimate embryo temperature during incubation (Lourens et al. 2005;
2006; Hulet et al, 2007).
In addition, recent incubator designs have incorporated the use of thermal sensors
in different regions of the incubator to measure the temperatures of the eggshells of a
number of eggs as a reference point to control the internal temperature of the incubator
(Jamesway, 2013; Pas reform, 2014). While all these improvements help provide a
suitable environment for the developing embryo, measuring actual embryo temperature
would provide hatchery personnel with a better indication of the temperature that the
embryo is actually experiencing. It may also help to resolve the real effects of
temperature differences within the incubator and would circumvent the pitfalls of using
eggshell temperature to estimate the embryo temperature, since eggshell temperature is
influenced by the pattern of air flow around individual eggs and because the eggshell
itself is a barrier to the detection of actual embryo core body temperature. Basing
incubational temperature on true embryo temperature may reduce energy costs by
reducing the length of incubation, even by a few hours. The objective of this thesis
research was to investigate the relationship between three different methodologies of
estimating embryonic temperature during incubation.
2

CHAPTER II
LITERATURE REVIEW

The structure of an Avian Egg
The avian egg is a highly intricate and self-contained life support system for the
developing embryo. It is composed of structural elements that are arranged with great
precision, and each plays a specific function. Its main function is to produce a living
organism whose needs are supplied by the egg alone. All the nutrients, minerals, and
water needed by the embryo to ensure its proper growth and development during
incubation are present in the freshly laid egg. The egg contains living cells clustered
together in a small area called the blastoderm. The blastoderm has two distinguishable
regions, the area pellucida and area opaca (Romanoff and Romanoff, 1949). The
development of the extra-embyonic structures depends on these two regions, with the
area pellucida forming the embryo proper, and the area opaca forming the structures that
assist in embryonic development (Romanoff and Romanoff, 1949). Close to the
blastoderm is the yolk, and according to Romanoff and Romanoff (1949) “it is embedded
in an elastic lustrous membrane”, also known as the vitelline membrane. It’s enriched
with water and nutrients (lipids and many proteins) that are needed to support embryonic
development (Johnson, 2000).
The albumen, which is a transparent elastic semisolid that surrounds the yolk, also
plays an important role in providing nutrients (water, proteins, and minerals) to the
3

embryo (Romanoff and Romanoff, 1949). Finally, the eggshell consists mostly of
inorganic solids, primarily calcium carbonate (Card and Nesheim, 1966), and an organic
portion, mainly the shell membranes, the mammillary cores, the shell matrix, and the
cuticle (Johnson, 2000). The shell primarily serves as an outer covering that surrounds
the embryo, protecting it from physical harm and microbial invasion, while allowing for
the diffusion of gases necessary for respiration without the loss of excessive amounts of
moisture. The shell is composed of an organic matrix that contains interwoven fibers and
an interstitial substance which is composed of various organic salts to assist with the
mineral requirements of the embryo (Romanoff and Romanoff, 1949).
Avian Embryogenesis
The development of a broiler embryo starts with the union of two germ cells
(Romanoff, 1960). The egg produced by the female parent and the spermatozoa from the
male parent fuse together, forming a zygote (Patten, 1951). Fertilization of the egg results
in the formation of the blastoderm after several cellular differentiation steps. As
embryonic development progresses, the blastoderm is grouped into the embryonic and the
extra-embryonic blastoderm. The first, results in the distinct structure of the fetus, and the
latter forms the extraembryonic membranes (Lillie, 1919). In birds, there are four
extraembryonic membranes. These are the yolk sac, amnion, chorion, and allantois. The
extraembryonic membranes are semiautonomous but each plays a distinct role in the
development of the embryo within the egg. Although these structures undergo involution
at the end of incubation, they provide essential nutrients, protection, and the exchange of
gases and the elimination of waste products generated by the embryo (Romanoff, 1960).
4

Immediately after fertilization, the egg undergoes a series of cell divisions which
initiates the cleavage process (Patten, 1951). Through a sequence of cleavages, the
blastoderm is formed. The germ layers are comprised of the ectoderm, mesoderm, and
endoderm (Patten, 1951). Once gastrulation begins, the blastoderm differentiates into two
of the three germ layers. These layers include the ectoderm, which originates from the
superficial cells of the blastoderm, and the endoderm, which develops from the deeper
cells of the blastoderm (Lillie, 1919). The third germ layer, the mesoderm, originates
shortly after incubation by growing between the ectoderm and endoderm. These three
layers eventually give rise to all the tissues and organs of the animal. The ectoderm
develops into the skin, feathers, beak, claws, nervous system, and lens and retina of the
eyes, as well as the linings of the mouth and vent. The mesoderm forms the bones,
connective tissues, reproductive, circulatory and excretory organs, while the endoderm
forms the epithelial linings of the digestive tract and respiratory and secretory organs
(Card and Nesheim, 1966).
The differentiation and continuous proliferation of the germ cells continues
actively when the egg is kept at an optimum temperature and relative humidity (Austic
and Nesheim, 1990). A temperature as low as 21°C (Edwards, 1909) is said to initiate
embryonic development. However, 37.5°C is the optimal incubating temperature (French,
1997). The appearance of the primitive streak marks the beginning of embryo formation
during the early hours of incubation (Lillie, 1919). The notochord, also known as the
head process, becomes visible 18 to 19 hours into incubation. The notochord represents
the location where the subsequent development of the vertebral column occurs (Patten,
1951). Finally, a tremendous increase in embryo growth is accompanied by a regression
5

in the primitive streak. During the first twenty-four hours of incubation, the anterior part
of the embryonal area becomes thickened and separated from the blastoderm, forming the
head (Patten, 1951). Alongside these developmental features, the central nervous system
as well as the foregut (first part of the digestive system) are established (Card and
Nesheim, 1966). Significant advancements in development are observed in embryos 27 to
38 hours into incubation. These include the formation of the heart, extensive
differentiation of the brain, rapid enlargement of the extra-embryonic vascular area, and
the onset of the formation of the eyes, ear pit, and tail bud (Austic and Nesheim, 1990).
Prior to 36 to 37 hours of incubation, the embryonic chick acquires a straight axis.
However, an entire configurational change eventually occurs which involves the bending
and twisting of its body. This causes the embryo to turn on its left side, eventually repositioning the extra-embryonic layers in relation to its body.
The four extra-embryonic membranes that are essential for normal embryonic
growth develop during the third day of incubation. The yolk sac which develops first,
originates from the extraembryonic splanchnopleure. This occurs during the course of
expansion of the blastoderm, thereby forming a vascularized sac on the surface of the
yolk. During the initial stage of yolk sac maturation, the yolk sac consists of two regions.
These regions are the area vasculosa (vascular region) and the area vitellina (nonvascular region). The first invades the space of the latter, resulting in a vascularized
structure (Romanoff, 1960). Throughout incubation, the yolk sac continually changes,
increasing its efficiency to accommodate the needs of the developing embryo. The
amnion and chorion develop together from the extra-embryonic tissues of the blastoderm
(Patten, 1951). The amnion is an elastic sac filled with fluid that surrounds the embryo,
6

protecting it from harm, preventing heat shock in case of a temperature change, and
providing hydration to the embryonic tissues. The chorion, however, surrounds both the
yolk sac and amnion, and eventually fuses with the allantois to form the chorioallantois.
By the fourth day of incubation, the allantois arises from within the body of the embryo
(Patten, 1951). The allantoic vesicles rapidly enlarge during incubation, increasing its
vascularized network, and fusing with the chorion to eventually encompass both the
embryo and the yolk-sac. Through this, the chorioallantois carries out its functions,
which involves the respiratory interchange of gases (oxygen and carbon dioxide) through
the microscopic pores of the shell (Austic and Nesheim, 1990), and the excretion of
accumulated waste products in the kidney (Patten, 1951). In addition, the albumen is
absorbed for the supply of nutrients needed by the embryo, and calcium is absorbed from
the shell for maintaining the structural integrity of the embryo (Card and Nesheim, 1966).
Also, on the fourth day, the limb buds that eventually develop into the legs and
wings, become present. By the eighth day, feathers appear, and the embryo assumes a
bird-like appearance on the ninth day of incubation. By the thirteenth day, the scales and
nails appear, and down feathers cover the body of the embryo. By the fourteenth day, the
embryo gets into a position so that it fits perfectly in the egg, and eventually turns its
beak towards the air cell. During the later stages of incubation, the amniotic fluid begins
to decrease, and the yolk begins to enter the body, serving as major nutrient reservoir for
the developing embryo. By the twentieth day of incubation, the embryo internally pips,
which allows for full pulmonary respiration. This event allows pulmonary respiration to
replace gas exchange across the chorioallantoic vasculature. The physiological changes
that occur during the development of the embryo is a continuous process. The
7

developmental stages of the embryo from 5 through 20 days of incubation is illustrated in
Fig 2.1 (Sutcliffe, 1909). During the 21 days of incubation, the chicken egg is nourished
with the nutrients needed for its development. However, proper embryonic development
is dependent on the environmental conditions that it is provided (hen or artificial
incubator). As embryonic metabolic activity increases during incubation, the amount of
heat produced and lost likewise increases. Relative humidity, turning, ventilation, and
temperature are environmental factors that drive this process. However, temperature is
said to be the most important of all. Thus, it is important to understand that the
temperature the embryo experiences during incubation has a major impact on its early
development and post hatch growth.

8

Figure 2.1

Schematic diagrams showing the different stages of embryonic
development during incubation (fifth – twentieth) days of incubation.

(Sutcliffe, 1909)
Artificial Incubation
Embryonic development for most animals occurs within the body of the female,
while in birds, the embryo starts developing after the egg has been laid (Sutcliffe, 1909).
Incubation is the process by which egg-laying animals nurture embryos in the egg by
9

providing it with appropriate environmental conditions so that it will successfully hatch
from the egg after a certain period of time. Normally, the incubation period for chickens
of any variety is approximately three weeks. However, hatch time can also vary
depending on bird strain, egg storage time, and the temperature and humidity at which the
eggs are stored.
The main purpose of artificial incubation is to imitate the conditions applied by
the hen during brooding. While a brooding hen sits on her eggs, she keeps the
temperature of her eggs close to that of her body temperature. She frequently turns the
eggs to allow for adequate development of the embryo, and often times leaves her nest
depending on the weather conditions, incubation stage, and degree of fertility (Sutcliffe,
1909). This process was artificially incorporated by the Egyptians and Chinese as early as
246 B.C (Berry, 2009), which allowed them to hatch large number of chicks from eggs of
domesticated fowls. During this period, they used ovens with heating rooms and the heat
was produced by fire that was generated using cow dung, a mixture of dried dung and
straw, or charcoal made from dung (Banner, 1916). The temperature of the incubator was
crudely determined by placing the incubating eggs close to the eye socket of an
experienced personnel. Over the years, more incubators were produced and powered by
using hot water, heated charcoal, and steam. Holes were created in the incubator to allow
for the intake and exhaust of air. However, these machines were unable to regulate air
temperature within a set range, and resulted in temperature differences within the
chambers. By the early nineteenth century, electric forced-draught incubators were
developed using fans as a means of circulating the air in the incubator and in maintaining
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a uniform temperature (Paniago, 2005). Temperatures within these chambers ranged
between 37.2 and 37.8oC (Landauer, 1948).
The development of an embryo during incubation involves the conversion of the
contents of the egg into body tissue. This process requires the uptake of oxygen through
the pores of the shell, and the utilization of fat from the yolk as an energy source. The
waste products of this process are carbon dioxide, water, and heat, which are removed
from the egg by ventilation, evaporation, and cooling (Meijerhof, 2002). The whole
process is regulated by the incubator air temperature. Even with the modernization and
automation of artificial incubators, the environmental conditions required for the proper
growth and development of the embryo remain the same. In general, embryonated eggs
during incubation require an adequate temperature, humidity, air supply, and turning
frequency (Parkhurst and Mountney, 1988).
Temperature regulation throughout the various stages of development is very
important for a successful incubation process. The optimal incubation temperature range
is said to be between 37.3 and 38.3oC. Temperatures that are slightly higher or lower may
have an adverse effect on the hatching process and on chick quality (Parkhurst and
Mountney, 1988). The rate at which an egg loses water during incubation is dependent on
the relative humidity of the air in the incubator (Berry, 2009), which in turn may affect
chick size at hatch. It is important to note that all the water needed for the proper
development by the embryo is already available or metabolically derived within the egg.
Therefore, the egg does not need to absorb water from the environment. However, the
water contents of the egg should not be depleted by any other means other than that
which is necessary for embryonic development and that which is lost by diffusion
11

through the pores of the shell (Sutcliffe, 1909). For optimum growth, incubator relative
humidity for the first 19 days of incubation should be between 50 and 60 % (Parkhurst
and Mountney, 1988). For the last 2 days of incubation, relative humidity should be
raised to 65 %. High humidity may result in mushy chicks, while low humidity can cause
excessive water loss, which may cause the chicks to stick to the shell. Adequate
ventilation is required to enable conditioned air to make contact with incubated eggs and
to then return back into the conditioning unit (French, 1997). Nonetheless, the combined
diffusion of carbon dioxide and water through the shell, leading to the formation of
carbonic acid (weak acid), causes shell thinning, which facilitates the pipping and
hatching process (Sutcliffe, 1909). During incubation, an egg undergoes cellular
differentiation, which involves the conversion of the contents of the egg into tissue. This
process requires energy which is derived by the catabolism of yolk fat. The end products
are carbon dioxide, water, and heat (Meijerhof, 2002). For this reason, incubators are
designed to be ventilated by fresh air, thereby allowing the egg to take in oxygen and
eliminate carbon dioxide through the pores in the shell. Egg turning is known to be
necessary for embryonic development and for optimum hatchability. Using their beak or
body movement, hens are known to either turn their eggs laterally or bring them closer to
their body. This process is imitated during artificial incubation. Using artificial
incubation, eggs are turned approximately 45 degrees 8 or more times in each direction
during a 24 hour period, which increases the percentage of eggs that will hatch. Recent
advancements in maintaining these environmental factors during incubation are been
adopted.

12

Incubation vs Embryo temperature
Incubation is a relatively simple process in which eggs are placed at a temperature
that is suitable for the development of the embryo. An appropriate humidity that allows
for proper gas exchange, must also be maintained while the eggs are being turned
regularly (Deeming and Ferguson, 1991). Incubation temperature is among the most
important factors needed for optimum development of the embryo. Incubation
temperature can affect the length of incubation, directly impact embryo mortality, and
affect chick quality. Many studies have been conducted to describe the importance of
optimum temperature during incubation. These studies have shown that an optimum
incubation temperature is necessary to achieve maximum hatchability (French, 1997), to
obtain viable hatchlings, and to increase post hatch performance (Wilson, 1991).
However, incubation temperature is not the same as embryo temperature, because
embryo temperature is influenced by the metabolic heat produced by the embryo, the
stage of incubation at which embryo temperature is recorded, the rate of heat transfer
between the egg and its environment, and the air velocity and relative humidity of the air
in the incubator (Meijerhof, 2009; French, 1997). Figure 2.2 shows a simple system
model that describes how the aforementioned factors and other factors interact to
determine embryo temperature (French, 2009). According to Barott (1937), because of
existing temperature gradients within the incubator, incubation temperatures measured in
an area above the eggs in an incubator may not accurately reflect the temperature at
which the eggs are been incubated. Other studies have observed a temperature difference
as high as 3°C between the upper and lower levels of the incubator. Furthermore, the air
temperature surrounding the egg may differ from internal egg temperature or embryo
13

temperature due to the thermal barrier of the shell and the movement of the air across the
shell (Peebles et al., 2012). Therefore, a better understanding of the exchange of heat
between the embryo and its surroundings will help to increase incubational accuracy and
efficiency for the increased production of viable chicks.
Avian embryos are said to be poikilothermic (Joseph et al., 2006), because they
depend on an external source (incubator or hen) to provide heat for development and
homeostasis (Romijin and Lokhurst, 1955). Although incubating eggs at ambient
temperatures that range between 37 and 38oC is important (Wilson, 1991), after an egg is
laid, a temperatures as low as 27oC may still allow embryonic development to occur
(Funk and Biellier, 1944). During the first half of incubation, embryo temperature is
below that of the set point temperature of the incubator. However, as the embryo
develops, metabolic heat is produced, which increases the temperature of the embryo
above that of the surrounding air. This temperature is dependent on the flow of heat
between the egg and its environment as well as the velocity of the air in the incubator
(French, 1997). This means that a balance should be established between the heat
produced by the embryo, the heat lost from the egg, and the velocity of air over the
eggshell (Meijerhof, 2009).
Unlike reptiles, which can develop in a wide temperature range, the development
of an avian embryo occurs within a narrow temperature range (Packard et al., 1977).
Thus, deviation from a normal incubational temperature range will affect the metabolism
and development of the embryo (Deeming and Ferguson, 1991). A high incubation
temperature can accelerate embryonic growth, especially during the first 10 days of
incubation. It can also decrease the length of incubation, result in noisy, dehydrated and
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scruffy-like chicks, and increase late embryonic mortality. While a low incubation
temperature increases the length of incubation, it can result in lethargic and poor quality
chicks. Younger embryos are more susceptible to high temperatures than they are to low
temperatures, which might be due to the fact that during natural incubation over-heating
is more likely to occur than under-heating (Card and Nesheim, 1966). High internal egg
temperatures that range from 41.1 to 43.3°C for the first five days of incubation, or that
range from 45.6°C to 47.8°C after the first five days of incubation are lethal to the
embryo (Card and Nesheim, 1966). However, an optimal incubation temperature set at
37.5°C is important to improve hatchability, chick quality, and post-hatch performance
(Barott, 1937; Romanoff, 1960). Furthermore, knowing the temperature profile of an
embryo inside the egg during incubation and how it responds to the surrounding
environmental conditions, especially in modern high yielding strains that may produce
more heat during incubation, will assist hatchery managers in providing incubational
conditions that are optimal for eggs collected from a particular strain and age of breeder
flock.
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Figure 2.2

Diagram showing the interaction between embryo temperature, embryonic
metabolic heat production, egg characteristics and incubation environment.

A simple model showing the interaction between embryo temperature, embryonic
metabolic heat production, egg characteristics and incubation environment. The interior
part of the box within the model represents factors determined by the egg and embryo,
while the outer box represents the incubational conditions controlled precisely to achieve
a successful incubation. Diagram from French (2009) from “Incubation and Hatching” in
Biology of Breeding poultry
Effects of Low and High Temperatures on Embryogenesis
Suboptimal incubation temperatures can greatly impact the commencement of
physiological processes in the developing embryo. Wilson (1991a) indicated that
embryonic development and the duration of incubation is also affected by incubation
temperature (low or high). Barott (1937) examined the effects of incubational
temperatures varying between 35.5 to 39.7°C (at a 60 % relative humidity) on
embryogenesis. A decrease in hatchability was observed with an increase in deviation (in
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either direction) from 37.5°C, eventually leading to the death of the embryos. Lower
temperatures with longer exposure times have been noted to significantly increase
incubation time (Suarez et al., 1996). In addition, a lower hatch weight and a continuous
loss in weight after hatch were observed in embryos exposed to lower temperatures
(Suarez et al., 1996). In general, lower temperatures decrease and higher temperatures
increase the length of the incubation period. However, embryos subjected to temperatures
above 39.5°C exhibit a delay in hatch (Romanoff, 1936).
The effects of incubation temperature on the metabolic responses of the embryos
have been extensively discussed. Willemsen at al. (2010) found that high (40.6°C) and
low (34.6°C) incubation temperatures from 16 through 18 DOI resulted in varying effects
on embryonic metabolism and development, as well as the hatching process. An increase
in the partial pressure of oxygen and decrease in the partial pressure of carbon dioxide in
the air cell of eggs and the blood of embryos incubated at high temperatures resulted in a
lowered metabolism and subsequently retarded embryonic development (Willemsen et
al., 2010). Furthermore, decreased levels of liver glycogen, thyroid hormone levels, and
plasma metabolites in those incubated at high temperatures played a role in the
downward shift in metabolism (Willemsen et al., 2010). The aforementioned parameters
in embryos belonging to a group of eggs that were incubated at a low temperature group
were not significantly different from those belonging to the control group (37.6°C).
However, they did display a delay in hatch time (Willemsen et al., 2010). Turkey
embryos subjected to thermal manipulations (6 hours or 12 hours under increased
temperature or relative humidity, by 1.7°C and 9 % respectively above 37.8°C and 65 %
from 10 to 22 days of incubation) exhibited an increase in embryonic heart rate and
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oxygen consumption. The manipulation suggested that metabolic activity increased as
temperature increased (Piestun et al., 2015). However, a decrease in these parameters
were observed by the end of the experiment, indicating a decrease in metabolic rate and
heat production (Yahav et al., 2004; Piestun et al., 2015).
Tissue differentiation and organ formation during the critical stages of embryonic
development can be influenced by changes in incubation temperature, and can eventually
impact the growth and overall post-hatch performance of the hatched chick (Decuypere,
1984). Hulet et al. (2007) reported that embryonic temperature affected post-hatch
performance during the last 5 days of incubation. The body weights of embryos subjected
to a high temperature (39.7°C) were reduced at 21, 35, and 44 days post-hatch in
comparison to those incubated at middle (38.6°C) and low (37.5°C) temperatures (Hulet
et al., 2007). In another study, chick weight and length at hatch were highest in embryos
that were incubated at 37.8°C (control) in comparison to those incubated at the low
(33.3°C) and high (38.9°C) temperatures from 10 to 18 days of incubation (Ipek et al.,
2014). However, the low temperature treatment group had the lowest chick weight and
length. Also, at one week post-hatch, chicks from the low temperature treatment group
had the lowest body weight (Ipek et al., 2014). The effects of a low eggshell temperature
(36.6°C) for the first ten days of incubation resulted in decrease hatchability, an increase
in body weight and chick length, and a reduction in body weight gain at one week posthatch (Joseph et al., 2006). Consequently, body weight, carcass fillet, and tender weight
were reduced in birds belonging to the low temperature treatment group, and was
attributed to the temperature differences during incubation. Joseph et al. (2006) further
subjected the embryos to high eggshell temperatures (39.7°C) from 18 to 21 days of
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incubation, and although they reported an increase in hatchability, they found that body
weight and chick quality were reduced. Leksrisompong et al. (2007) reported that a high
eggshell temperature after 14 days of incubation decreased the length of incubation, and
the body weight and relative weights of the heart, gizzard, and proventriculus. Avian
embryos during incubation have the ability to respond to environmental changes and
adjust their rate of development accordingly (Tong et al., 2013). However, altering
environmental conditions during critical periods of development may alter the length of
incubation, and may also subsequently impact post-hatch development, and the health
and performance of poultry (Tzschentke, 2008; Tong et al., 2013).
Determining Embryonic Temperature
The importance of maintaining an optimum temperature during incubation has
been discussed in many studies. From these observations, it was shown that suboptimal
temperatures resulted in poor chick quality and hatchability. Over the years, embryonic
temperature has been estimated using several methods. These methods includes incubator
temperature, internal egg temperature, and eggshell temperature. The temperature of the
incubator is estimated by measuring the temperature of the air surrounding the eggs
during incubation. In commercial settings, a uniform air temperature across all eggs is
maintained by adequately regulating air velocity so as to evenly distribute the heat within
the incubator. However, differences in the ability of eggs to transfer heat with subsequent
differential effects on embryo temperatures have been observed (Meijerhof, 2002).
French (1997) suggested that the transfer of heat between the egg and incubator may also
be influenced by the design of the incubator. Other studies reported that air speed within
the incubator varied between tray locations and resulted in temperature differences
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between the trays (Sotherland et al., 1987; Meijerhof and van Beek, 1993; French, 1997).
Furthermore, at the start of incubation, embryo temperature is lower than air temperature.
However, as the embryo develops, its metabolic activity increases, thereby increasing its
temperature above that of the surrounding air. Thus, it can be said that incubator
temperature is different from embryo temperature and that these vary independently due
to changes in the direction and rate of heat transfer across the shell as the embryo
develops (Meijerhof and van Beek, 1993; French 1997). The accuracy of estimating
embryo temperature based on air temperature can be questioned, since embryonic
development occurs within a closed shell (Meijerhof 2009).
Internal egg or embryo temperature involves measuring the interior temperature
of an embryonated egg. Embryo temperature is dependent on the metabolic activity of the
embryo, which increases as the embryo grows during incubation (Hocking, 2009). The
measurement of colonic temperature (Holland et al., 1998), or the insertion of thermistor
probes in the allantoic fluid, the yolk sac (Turner, 1990; Tzschentke, 2008; Renema et al.,
2006), or somewhere else in the interior of the egg (Sotherland et al., 1987; Tazawa and
Rahn, 1987), have been used to estimate the core body temperature of an embryo.
However, these processes have limitations. Colonic temperature can only be measured
after the chick has internally pipped, because at this time there is little or no blood flow
through the chorioallantoic membrane, which reduces the likelihood of bleeding after
opening the eggshell (Holland et al., 1998). The temperature of the allantoic fluid is
influenced by the rate of blood flow in the chorioallantoic membrane and an increased
blood flow rate leads to an increase in the transfer of heat from the embryo to the inner
and outer eggshell membranes (Holland et al., 1998). Other internal methods of
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measurement can increase the chance of contamination (Turner, 1990), interfere with the
egg turning mechanism (Lourens et al., 2006), and increase embryo mortality. Although
these above processes serve as potential methods by which to estimate the core body
temperature of the embryo, their use is limited by the aforementioned reasons.
Because proper development of the embryo and improved hatchability is more
closely associated with embryo temperature rather than the temperature of the
surrounding air (Lourens et al., 2005), various methods used to estimate internal
temperature have been developed. However, because those that are invasive to the egg
may influence embryonic development (Lourens et al., 2006), eggshell temperature
measurements were adopted. Eggshell temperatures are measured by attaching thermistor
probes to the shell (Lourens, 2001) or by using an infrared thermometer (Hulet et al.,
2007). Eggshell temperature, referred to as the “standardized measurement of embryonic
temperature” (French, 2009), involves the indirect measurement of embryo temperature
without having to disrupt the eggshell. In practice, eggs incubated at an optimum
temperature of 37.8oC, exhibited up to a 4oC difference in eggshell temperature,
depending on the position of the egg in the incubator and the age of the embryo (Lourens,
2001). This variation may have been caused by air flow differences around the eggs set in
different regions of the incubator (French, 1997), differences in the rate of heat transfer
between the embryo and its environment, and differences in the increased metabolic
activity of the embryos. (Ozcan et al., 2010). Lourens et al. (2005) reported that embryos
incubated at an eggshell temperature lower than 37.8°C during the first week of
incubation exhibited retarded growth. However, optimal embryo development and good
hatchability results were observed when EST was maintained at 37.8°C throughout the
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incubation period. In addition, Molenaar et al. (2010) suggested that eggs incubated at a
high EST experience an increase in oxygen demand compared to those incubated at a
normal EST (37.8°C), which ultimately increased the metabolic activity of the embryo.
This subsequently altered their metabolism at the end of incubation and affected their
development and survival rate.
According to a study conducted by Molenaar et al. (2010), the presence of a hole
in the air cell from the fourteenth day of incubation does not affect embryonic
development or its survival rate. In a related study, the creation of a hole in the air cell
from 15 to 22 days of incubation increased the hatchability of low conductance goose
eggs (Meir and Ar, 1996). Transponder implantation in the air cells of eggs has been an
adopted method in recent times to estimate internal egg temperature. van den Brand and
van de Belt (2006) observed a high embryonic mortality when transponders were
implanted in the air cells of broiler hatching eggs during early periods of incubation.
However, a decrease in mortality was also observed as incubation progressed from day 1
to day 7. To further substantiate the use of transponders in the air cell, Pulikanti et al.,
(2011a, b) and Pulikanti et al. (2012) reported a 75 to 90 % survival rate following the
implantation of transponders between days 12 and 14 of incubation. Moreover, in another
study, it was shown that air cell temperatures were higher than eggshell temperatures in
embryonated broiler hatching eggs between 14.5 and 18 days of incubation, and
transponders were less invasive than other internal egg measurements (Peebles et al.,
2012). The use of transponders implanted in the air cells of eggs as a means to estimate
embryo temperature is yet to be adopted in the commercial setting.
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Current Eggshell Temperature Measurement Devices in the Commercial Industry
For hatcheries, incubation turnout rate with high levels of hatchability, chick
quality, and post-hatch performance, as well as low maintenance and energy costs is very
important. New technologies are now adopted in the commercial setting to optimize
incubation conditions. More importantly, because temperature has been shown to be the
major factor that drives the conversion of the egg contents to embryonic and
extraembryonic tissues, temperature regulation is of primary concern. Eggshell
temperature measured by infrared thermometry for the estimation of the embryo’s body
temperature, is widely used to ensure optimal incubation temperature and has been
customized by different incubator manufacturing companies. Recently, Jamesway (2013;
2015) introduced a smart incubator system that maintains the incubator’s temperature,
which is crucial for proper development of the embryos. The incubator is equipped with a
sophisticated technology that consistently measures eggshell and air temperatures at
different locations, and automatically sends the information to a control system that
adjusts the air temperature to suit the need of the embryo based on the eggshell readings.
Similarly, Petersime’s “embryo-response” incubation system adjusts the
incubation temperature by measuring the eggshell temperature of the embryo (Petersime,
2012; 2015). The incubator is equipped with infrared eggshell scanning units that are
positioned in various locations in the incubator. An average of the recordings is sent to an
intelligent control system that adjusts the incubator’s temperature in accordance to the
eggshell temperature to optimize embryonic development (Ruyck, 2012; Petersime,
2015). Advanced incubation technology introduced by Pas Reform modulates the in-ovo
development of the embryo to influence chick quality, post-hatch performance, and
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“robustness of the day old chick” (Pas Reform, 2014; 2015). Homogenous temperature
distribution is maintained by creating sectional environments in the incubator and an
adaptive metabolic feedback system that ensures that the incubation conditions are ideal
for the proper development of the embryo (Pas Reform, 2015). All incubation conditions
must be precisely controlled in order to produce high quality chicks that have the
potential for optimum growth even under adverse farm conditions. Regulation of the
thermal environment within the incubator is important to accommodate the developing
embryo. While the measurement of eggshell temperature using infrared thermometry is
less invasive for the estimation of embryo temperature, there are limitations associated
with its use. Thus, incorporating other technologies such as the use of transponder
telemetry, which has been shown to more precisely detect a higher embryo temperature
as well as smaller fluctuations in body temperature (Peebles et al., 2012), can be a more
refined method of creating the ideal environment for the developing embryo.
Influence of Incubation Temperature on Eggshell Water Vapor Conductance
During embryonic development, the exchange of gases occurs by passive
diffusion through microscopic pores in the eggshell (Rahn et al., 1979). The rate of gas
exchange (oxygen uptake or carbon dioxide output) during incubation as well as
evaporative water vapor loss, is determined by the metabolic needs of the embryo, which
is driven by the environmental factors within the incubator. Similarly, the diffusive
properties of the shell are dependent on the eggshell surface area (total functional pore
area), thickness (pore length), and permeability (physico-chemical properties), as well as
the partial pressure difference of the gases diffusing across the shell (Steen, 1971). The
developing embryo lacks the ability to directly control the exchange of gases, so the
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permeability of the shell and shell membranes to gases must be adjusted to meet the
metabolic needs of the embryo (Rahn et al., 1979). According to Steen (1971), “The
permeability to gas is expressed as the amount of gas in millimeters diffusing per minute
through a 1 cm2 area and a 1μ thickness at a partial pressure difference of 1 atm (760 mm
Hg)”. In addition, Rahn et al. (1979) stated that the permeability of a membrane to gas is
also expressed as its conductance, which is dependent on its resistance to diffusion. It has
been shown that embryonic metabolic activity, the partial pressure of oxygen, and the
conductance of the eggshell to oxygen can influence the rate of oxygen uptake into the
egg, and can subsequently limit embryonic growth (French, 2009).
A detailed description of gas exchange and moisture loss across the eggshell has
been given in detail by Rahn et al. (1979). During the course of incubation, evidence
suggests that comparable differences in the partial pressure of oxygen exist across the
eggshell. Nevertheless, water is lost at a constant rate (Ar and Rahn, 1978). According to
Rahn et al (1979), “within the 21 day incubational period, a typical chicken egg that
weighs 60 g will take in approximately 6 liters of oxygen, and lose 4.5 liters of carbon
dioxide and 11 liters of water vapor”. Overall about 15 % of the initial set egg weight of
the egg must be lost as water for successful hatching. During the prenatal period (0 to 18
days of incubation), the chorioallantois, also referred to as the respiratory organ of the
embryo, attaches to a thin inner lining of the inner shell membrane and forms a network
of capillaries (Rahn et al., 1979). Through this medium, the egg inhales the atmospheric
oxygen and exhales metabolic carbon dioxide while the egg continuously loses its
moisture (Rahn et al., 1979). As the embryo develops, its utilization of oxygen increases,
eventually reaching a plateau of 600 millimeters of oxygen per day (Rahn et al., 1979).
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However, by day 19 of incubation, the embryo internally pips, which allows the oxygen
to be transported to the lungs by convection. It eventually transitions from a passive to
active exchange of gases. Since the exchange of gas occurs through the porous shell long
before the lungs begin to function, the variation in gaseous constituents surrounding the
incubating egg may affect gaseous exchange, and thus the development of the embryo
(Barott, 1937). Fig 2.3. Illustrates the progressive increase in oxygen consumption by the
chicken embryo during incubation. For the first week and the half, there is a gradual
increase in oxygen, but between 10 to 14 days of incubation, oxygen consumption rises.
Towards the end of incubation, the process of respiration changes from passive
(chorioallantois) gas exchange to active (lungs) breathing.
Conductance is a function of the flux of gases across the shell and the
concentration differences that exist across the shell for the gases (Ar et al., 1974).
Eggshell conductance is also a function of the physical properties of the eggshell,
including pore area, and pore length (Ar et al., 1974). Studies have shown that egg
weight, shell thickness, and eggshell conductance affect hatchability (Shafey, 2002).
Also, the diffusive properties of the eggshell to gases and moisture can greatly influence
embryonic metabolism (Fasenko et al., 2009). Therefore, incubation conditions must be
adjusted to regulate the eggshell conductance properties.
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Figure 2.3

Diagram from Rahn et al. (1979) from “How Bird Eggs Breathe” in
Scientific America.
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CHAPTER III
RELATIONSHIPS OF EGGSHELL, AIR CELL, AND CLOACAL
TEMPERATURES OF EMBRYONATED BROILER
HATCHING EGGS DURING INCUBATION

Abstract
The relationships of eggshell, air cell, and embryo cloacal temperatures in Ross x
Ross 708 broiler hatching eggs were determined. Twenty eggs were weighed and set on
each of 3 levels of a single incubator (Jamesway model 500 single stage incubator). The
shell temperatures of the eggs were recorded twice daily (AM & PM) between 0 and 19
days of incubation (DOI) using an infrared thermometer (IRT). All eggs were candled at
12 DOI. Subsequently, eggs containing live embryos (12 per level) were implanted with a
transponder (IPTT 300) in the air cell. At 19 DOI, transponders were implanted in the
cloaca of live embryos. Eggshell (EST) and air cell (ACT) temperatures were recorded
twice daily (AM & PM) between 12 and 19 DOI, and air cell and cloaca temperatures
(CLT) were recorded every 6 hours between 19 and 21 DOI. Transponder and IRT
readings of air cell and eggshell temperatures, respectively, between 14.4 and 18 DOI
were previously shown to be different. EST and ACT readings between 13 and 19 DOI
were positively correlated. However, their respective mean temperatures differed
significantly. EST and ACT were not significantly influenced by tray level. Nevertheless,
there was a significant main effect due to location (eggshell and air cell), and a significant
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interaction between DOI and time of day (AM &PM) in the 13 to 19 DOI interval.
Furthermore, there was a significant interaction between location (air cell and cloaca) and
6 hours interval time periods in the 19 to 21 DOI interval. However, across the entire 19
to 21 DOI interval, mean ACT and CLT were not significantly different, and were
positively correlated. These data suggest that ACT readings are higher than those of the
eggshell during the last half of incubation, and that between 13 and 19 DOI ACT can be
used as an accurate measurement of broiler embryo core body temperature.
Introduction
Embryonic temperature at different stages of incubation must be optimized to
achieve maximum hatchability. According to Barott (1937), the development of an
embryo during incubation can be influenced by several environmental conditions
including incubation temperature, air composition, and relative humidity. However,
incubation temperature is said to be the most important (French, 1997). Optimum
incubation temperature is said to be the temperature at which maximum hatchability is
achieved (French 1997; Swann and Brake, 1990), and can affect embryo size and the
hatching process if not adhered to (Yalcin and Siegel, 2003). However, since chicken
embryos are poikilothermic during the first half of incubation, it is important to optimize
embryonic temperature by accurately and precisely controlling the incubational
environment (Meijerhof, 2009). Because a significant proportion of a chick’s life is spent
in the incubator, monitoring the broiler embryo’s temperature in response to the
incubational environment can be used as a management tool to modify incubation
conditions so as to optimize embryogenesis and post hatch performance (Wilson, 1991).
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The importance of temperature during incubation has been shown in several
studies, including its effect on the rate of embryo growth (Decuypere at al., 1979) and the
length of incubation (Romanoff, 1935; Romanoff et al., 1938). A high EST during
incubation is said to result in a decrease in chick weight, leg bone weight relative to total
skeletal weight, and poor chick quality (van der Pol et al., 2014). Elevated EST have also
been associated with a reduction in body and organ weights (Leksrisompong et al., 2007)
and a decrease in relative heart weight (Lourens et al., 2007). These effects may impair
cardiovascular development and function and can result in problems such as ascites
(Leksrisompong et al., 2007), increased embryo weight and hatching time, and increased
embryonic mortality (Ipek et al., 2014).
Several studies have been conducted to estimate the core body temperature of an
embryo during incubation through the use of various methodologies. These include the
insertion of thermistor probes into the yolk sac (Renema et al., 2006), allantoic fluid
(Tzschentke, 2008; Janke, 2002; Holland et al., 1998), and colon (Holland et al., 1998).
Thermistor probes have also been attached to the eggshell (Lourens et al., 2007).
However, the procedures that are applied internally to the egg or embryo are very
invasive and are likely to affect embryogenesis. Eggshell temperature has also been used
to estimate core body temperature. However, EST is said to vary depending on the
location of the egg in the incubator, which in turn can be influenced by the velocity of air
in the incubator (Lourens, 2001).
The assessment of the internal temperature of an egg during incubation is
important in the determination of the embryo’s body temperature, and its associated heat
production and level of metabolic activity. Thus, Pulikanti et al. (2011) implanted
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temperature transponders in the air cells of incubating eggs at 10, 11, 12, 13, and 14 DOI,
in order to determine the effect of transponder implantation on the developing embryo.
His conclusion was that transponder implantation on 12, 13 or 14 DOI does not affect the
survivability and development of the growing embryo. Following this conclusion,
Peebles et al. (2012) estimated the body temperatures of embryos through the use of
transponders and an IRT from 14.5 through 18 (DOI). Transponders were used for both
air cell and eggshell temperature determinations, whereas an IRT was only used for the
determination of EST. The temperature in these locations, using the different devices,
were then compared. The researchers concluded that the use of transponders in the air
cell was reliable for the accurate detection of the body temperature of the broiler embryo
from 14.5 through 18 DOI.
Previous studies have been conducted to estimate embryo temperature from 14.5
through 18 DOI by means of EST and ACT recordings using IRT and transponders,
respectively. However, the objective of the current study was to estimate eggshell and air
cell temperatures using infrared thermometry and transponder telemetry from 12 through
19 DOI, and air cell and cloaca temperatures using transponder telemetry from 19
through 21 DOI, in order to establish precise relationships among the locations and
methodologies used.
Materials and Methods
Preliminary Trial
A preliminary calibration trial was conducted to establish the temperature
measurement relationships between a mercury thermometer (VWR International, Radnor,
PA), reusable temperature probe (Measurement Specialties Inc., Dayton, OH), and a
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transponder (implantable programmable temperature transponder; IPTT- 300; Bio Medic
Data Systems Inc., Seaford, DE). Initially, these three devices were placed in a water bath
at room temperature (21°C). The water was continuously stirred and subsequently
increased to approximately (48.2°C). The thermometer and probe had direct contact with
water, whereas the transponder was contained in a test-tube that was placed in and
surrounded by water. Temperature readings were recorded every 3 minutes within a two
and a half hour period. Furthermore, in a second preliminary calibration trial, a familial
design was employed, but using a mercury thermometer alongside three other
transponders. Temperature readings were recorded every 3 minutes within a one hour
period.
Incubation
A total of 360 eggs were obtained from a commercial Ross x Ross 708 breeder
flock at 35 weeks of age, and were held for 2 days under standard storage conditions.
Those that were contaminated, misshapen, cracked, or malformed were discarded. Prior
to set, all eggs were weighed, and only those that weighed within 10 % of the average
weight of all 360 eggs were included. On 0 DOI, 60 eggs were randomly selected and
were labeled with a number between 1 and 60. Individual egg weights were recorded, and
the eggs were set under standard conditions in a calibrated Jamesway model 500 single
stage incubator (Jamesway Incubator Company Inc., Cambridge, ON. Canada). Each egg
served as a replicate unit. Twenty eggs were placed on each of three tray levels. The eggs
were placed on the different levels of the incubator according to the design provided in
Table 3.1. The eggs were incubated in the setter for 19 days at 37oC dry bulb and 29.4oC
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wet bulb temperatures. On 12 and 19 DOI, all eggs were weighed and candled before
transponder implantation.
Measurement of Embryo Temperature
Outer EST was measured using an IRT (Braun Thermoscan Thermometer,
IRT4520, Braun, Kronberg, Germany) which had an accuracy of ± 0.2°C, from 0 through
20 DOI. Subsequently, on 12 DOI, the air cell of 12 eggs on each level were implanted
with transponders (implantable programmable temperature transponder; IPTT- 300; Bio
Medic Data Systems Inc., Seaford, DE), with an accuracy of ± 0.5oC, for the
determination of ACT. The materials and procedure used for transponder implantation
and the recording of temperature were similar to those previously described by Pulikanti
et al. (2011a, b). Air temperature and relative humidity inside the incubator were
recorded every 5 minutes using HOBO temperature recorders (HOBO ZW series
wireless, Onset Computer Corporation, Bourne, MA). The recorders were positioned on
the top, middle and bottom tray locations of the incubator. These readings were used to
accurately monitor the temperatures of these locations to account for temperature
variation throughout incubation. Measurement of the core body temperature of the
embryo was also accomplished by implanting transponders into the cloaca of the embryo
through the vent. Only live embryos and that had a transponder implanted in their air cell
also received a transponder implant in their cloaca on 19 DOI. The transponders and IRT
were calibrated by the manufacturers to ensure the accuracy of their readings.

38

Implanting Transponder through the Vent
At the small end of the egg, temperature transponders were implanted into the
embryo through the vent and into the cloaca on 19 DOI. Prior to this study, a preliminary
study was conducted in our lab to determine the appropriate time at which to implant
transponders in the cloaca. It was found that there was minimal fluid at the small end of
the embryonated egg at 19 DOI. Because of this, it was easier to access the tail feathers
and vent without disrupting the yolk sac or killing the embryo. It is also known that
towards the end of incubation, an embryo positions itself in such a way that the head is
towards the air cell with the tail pointed towards the small end of the egg (Austic and
Nesheim, 1990). This further allowed for easy access to the vent. The site of perforation
on the eggshell was disinfected with 70 % isopropyl alcohol. A 13 mm diameter hole was
created at the small end of each embryonated egg, through which a transponder was
inserted for implantation in the cloaca of the embryo. The embryo was probed gently to
expose the tail feathers without disrupting the yolk sac, or rupturing any major blood
vessels. Once the tail feathers had been identified, the vent of the embryo was gently
opened, and a sterile transponder was aseptically inserted into the cloaca of the embryo.
The hole that was made was sealed with a transparent tape (Scotch brand, 3M Corp., St.
Paul, MN, 55144) to prevent the loss of any fluid.
Data Collection
Temperature readings from each of the locations (eggshell, air cell, and cloaca)
were recorded by one person positioned in the incubator with the door kept closed, in
order to prevent variations due to the opening and closing of the incubator door. The door
was opened for entry and exiting only once in the morning (AM) and afternoon (PM) of
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each day. Recordings were taken when the temperature seemed stable (according to the
air temperature readings on the HOBO device), which was approximately 7 minutes after
entrance into the incubator. Eggshell temperatures were recorded at the equator of each of
the 60 eggs from 0 to 20 DOI. Between 0 and 19 DOI, wet bulb and dry bulb
temperatures of the incubator were recorded twice daily. Air temperature logs using a
HOBO device were recorded every 5 minutes. Also, from 12 to 20 DOI, air cell
temperature measurements using transponders were recorded for 12 eggs on each level
twice daily (AM & PM) (36 total eggs). Cloaca temperatures were recorded every 6
hours between 19 and 21 DOI. For both the air cell and cloacal temperatures, transponder
readings were recorded using a smart reader that was pointed towards the egg and that
was positioned within 5 cm of the transponder. The reader scanned the egg, and the
transponder transmitted the identification number and temperature to the reader by means
of a low frequency radio signal.
Transponders
The implantable programmable temperature transponders (IPTT-300, BioMedic
Data Systems, Inc. Seaford DE, USA) used were glass encapsulated and were
biocompatible. These were, therefore, suitable for laboratory and experimental purposes.
Each transponder measured 14 mm in length, 2 mm in diameter, and weighed 120 mg.
According to the manufacturer, temperatures could be read with a ± 0.5 °C accuracy, and
with a resolution of 0.1 °C within a factory calibrated range of 32 to 43 °C. Each
transponder is a battery-free microchip, and was completely powered and read by a smart
probe reader-programmer (DAS-6006 / 7 Smart probe, Bio Medic Data Systems Inc.,
Seaford, DE) that could detect the transponder signal within a range of 5 cm. The data
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collected, including an identification number and temperature reading, were subsequently
transferred to an Excel file.
Hatching
After implanting the transponder in the cloaca through the vent, each egg was
placed in a divided pedigree basket and was wrapped with cheese cloth to prevent loss of
the transponder after hatching. The eggs were then transferred to a hatcher (Jamesway
Incubator Company Inc., Cambridge, ON, Canada) set at 36.9 °C and 30 °C dry and wet
bulb temperatures, respectively. The cloaca and air cell readings were recorded in the
hatcher every 6 hours from 19 through 20 DOI.
Statistical Analysis
Individual egg was considered the experimental unit for the analyses of eggshell,
air cell, and cloaca temperatures. The data were analyzed using a MIXED model
procedure of SAS software (Version 9.4, 2014). Location (eggshell, air cell, and cloaca),
time periods (AM & PM or every 6 hours), and the days of incubation (13 to 19 DOI, or
19 to 21 DOI) were considered fixed effects, and egg was considered as a random effect.
All main and interactive effects were tested in the statistical model. Furthermore, partial
correlations among variables were analyzed by MANOVA using the GLM procedure.
Where significant differences were observed, means were separated using the least
significant difference procedure. Differences in least square means, and correlation
coefficients were considered significant at P ≤ 0.05.
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Results
Preliminary Trial
In the first preliminary trial, there was no significant difference (P ≤ 0.8129) in
the temperature readings when a thermometer, probe, and transponder were used within
the two and half time period. Furthermore, when a thermometer and three different
transponders were used, no significant difference (P ≤ 0.9921) was observed between the
devices. Figures 3.1 and 3.2 show the relationship between the different devices over the
time (X- axis) and temperature (Y- axis) interval that readings were made in each trial.
Main Trial
Sixty eggs were set at the start of incubation, out of which 36 eggs had both their
eggshell and air cell temperatures recorded from 13 through 20 DOI. There was a
significant (P < 0.0001) main effect due to location (eggshell vs air cell) in the 13 to 19
DOI time frame. Mean eggshell (38.6oC) and air cell temperatures (38.8oC) differed
significantly. The means for the temperature readings are depicted in Table 3.2. Mean
ACT using transponders was higher than mean EST using an IRT in the 13 to 19 DOI
interval. Mean eggshell and air cell temperature readings recorded during the AM & PM
time periods from 12 through 19 d of incubation are also provided in graphical form in
Figure 3.3 for additional observation. It should be noted that observations made at 12
DOI were not included in the statistical analysis because of the collection of only partial
data at that time. Furthermore, when correlation analysis was performed based on the
design of the experiment eggshell and air cell temperature recordings from 13 through 19
DOI were positively correlated (r = 0.42, P ≤ 0.0001). Similarly, when EST and ACT
were correlated outside the confines of the experimental design, they were highly
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positively correlated (r = 0.761, P < 0.0001). The correlation graph is depicted in Figure
3.5.
There was a significant (P ≤ 0.0001) interaction between DOI and time period
(AM & PM) in the 13 through 19 DOI time frame. The interaction means for the
temperature readings are provided in Table 3.3. Internal egg temperature across location
was higher when recorded in the PM than AM at 16 DOI, but was higher in the AM than
PM at 19 DOI. However, the effects of DOI, location, and the time period (AM &PM)
did not interact significantly (P = 0.2369), which implies that the location at which
temperatures were recorded did not influence the noted interactive effect of DOI and time
period. It should be further noted that there was no significant interactions between
location and DOI (P = 0.1748), or between location and time period (P = 0.3317), from
13 through 19 DOI.
With the use of transponders, mean air cell and cloaca temperatures from 19
through 21 DOI were recorded (Table 3.2). Mean air cell (38.3 °C) and cloaca (38.2 °C)
temperatures were positively correlated (r = 0.28; P ≤ 0.01) across the entire 19 through
21 DOI period, and they were not significantly different (P = 0.50). Nevertheless, during
the 19 to 21 DOI period, there was a significant interaction between time period and
transponder location (P = 0.05; Table 3.4). This information is also graphically displayed
in Figure 3.4. Similarly, outside the parameters within the experimental design there was
a strong positive correlation (r = 0.882, P < 0.0001) between ACT and CLT. Figure 3.6
shows the correlation between ACT and CLT. On 19 DOI, air cell temperature was
significantly higher than that in the cloaca at 8:00 PM. In this study, a 100 % embryo
survivability was observed with transponder implantation into the air cell from 12 to 19
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DOI. Furthermore, an approximate 77.7 % embryo survivability was observed with
transponder implantation into the cloaca from 19 through 21 DOI (including hatched
chicks and embryos in the egg). However, only embryos that had not hatched were used
in statistically comparing cloaca and air cell temperatures for this time period.
Discussion
Measuring embryo temperature within the egg using infrared thermometry and
transponder telemetry to estimate internal egg temperature has been shown to be effective
and non-detrimental to the embryo (Peebles et al., 2012). However, the former is said to
be influenced by the position of the egg and the air velocity in the incubator (Lourens,
2001). In the present study, IRT (eggshell) and transponder (air cell and cloacal) devices
were used to estimate internal egg or embryo temperatures during the latter part of
incubation. Although eggshell and air cell readings were shown to be positively
correlated between 13 and 19 DOI, the current study revealed that air cell temperature
estimated a higher embryo temperature than did eggshell temperature readings.
According to Peebles et al. (2012), mean EST readings of embryonated eggs from 14.5
through 18 DOI using IRT were not significantly different from those using transponders
attached to the shell. However, a higher temperature of broiler embryos between 14.5 and
18 DOI was noted by using transponders implanted in the air cell when compared to that
of EST using an IRT. Air cell temperature provides a more accurate estimation of internal
egg temperature by avoiding the confounding effects of air flow and the eggshell barrier.
This is particularly true when transponders are laid horizontally within the air cell
without disrupting the underlying inner shell membrane. Thus, the higher air cell
temperature can be attributed to its close proximity to the embryo.
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According to Molenaar et al. (2010), creating a hole in the air cell of layer
hatching eggs beginning at the 14 day of incubation does not affect embryo survivability
or development. Furthermore, in a related study, the creation of a hole in the air cell of
goose eggs from 15 to 22 DOI increased their hatchability (Meir and Ar, 1996).
However, implanting transponders in the air cell early in incubation can adversely affect
embryonic development (Van Den Brand et al., 2006). However, it was observed that
mortality decreased when implantation time progressed from day 1 to day 7 of
incubation. Nevertheless, the implantation of a transponder in the air cell between 12 and
14 DOI has proven successful, as it was shown to have no effect on the embryogenesis or
survivability of the embryo (Pulikanti et al., 2011). Because physiological invasiveness to
the embryo was largely avoided by implanting transponders at 12 DOI, air cell
temperature may provide a means to more accurately estimate internal egg or embryo
temperature. It is of further interest to note that though the differences between eggshell
and air cell temperatures were significant at a constant ambient temperature (37.5°C),
both temperature readings increased as the embryo developed, confirming the increase in
embryonic activity and heat production as incubation progresses (Peebles et al., 2012).
The effects of location (air cell and eggshell), time of day (AM & PM), and DOI (13
through 19) were examined and accounted for in the data analysis, and it was observed
that all three factors had an influence on the estimation of embryo temperature, but that
the recording of temperature either in the air cell or on the eggshell did not interact with
time of day or DOI. Nevertheless, because time of day (AM & PM) was shown to
influence temperature readings regardless of location, comparative analysis of location
efforts on different DOI should be consistently monitored in only one time of day.
45

Determining actual internal egg temperature during incubation is important for an
understanding of the metabolic processes that lead to heat production and oxygen
consumption by avian embryos (Holland et al., 1998; Barott, 1937). During the latter part
of incubation (19-21 DOI), air cell and cloaca temperatures using transponders were
recorded for the estimation of embryo core body temperature. Mean air cell and cloaca
temperatures across the eight consecutive time periods, in six hour intervals, were not
significantly different (P = 0.50), and were positively correlated (r = 0.28; P ≤ 0.01). A
similar experiment was conducted by Holland et al. (1998), in which the deep body
temperature of embryos were measured by determination of their colonic and allantoic
fluid temperatures at 20 DOI using thermistor probes. At an ambient temperature of
37.5°C, temperatures of 39.4°C (colon), and 39.3°C (allantois) were recorded. However,
colonic temperature can only be recorded after internal pipping to minimize bleeding,
while allantoic temperature is said to be influenced by changes in the rate of blood flow
in the chorioallantoic membrane. As shown in Fig. 3.2, there are only minor differences
between air cell and cloaca temperatures, and these were not significantly different,
except at 8:00 PM at 19 DOI, in which air cell temperature was higher than cloaca
temperature. This might be due to the fact that six hours after the procedure, air cell
temperature, being less invasive, regulated back to the normal temperature faster than did
cloaca temperature. Thus, air cell temperature is less invasive, which makes it the method
of choice for studies conducted to better understand the thermodynamics behind egg
incubation for the optimization of the incubational process.
In conclusion, the energy metabolism of an embryo during incubation is
dependent on temperature, and an increase or decrease in temperature subsequently
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results in a change in the thermal balance and associated development of the embryo
(French, 2009). The presented results have utilized three different methodologies
(eggshell, air cell, and cloaca) in estimating the core body temperature of an incubating
embryo, and in providing us with a better understanding of the relative accuracies of each
of these methods. Eggshell temperature provided information about the external
temperature of the eggshell and the influences of the embryo and its thermal
environment, while air cell and cloaca temperatures more specifically provide
information on the core body temperature of the embryo. Thus, this observation confirms
that recording temperatures within rather than on the surface of the egg provides a more
accurate estimation of embryo body temperature. In addition, these data suggest that air
cell temperature readings are higher than those of the eggshell during the last half of
incubation, and that between 13 and 19 DOI, air cell temperature can be used to more
accurately estimate broiler embryo core body temperature.
Table 3.1

Arrangement of eggs in various levels in the incubator
Egg #

Tray level

1-20

First

21-40

Middle

41-60

Last
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Table 3.2

Mean eggshell and air cell temperatures from 13 through 19 days of
incubation.

Incubation time (d)

Location

13-191

Eggshell

38.6b

Air cell

38.8a

Air cell

38.3

Cloaca

38.2

19-212

Temperature (°C)

P value
0.0001

0.50

Mean air cell and cloaca temperature from 19 through 21 days of incubation.
a,b
Means lacking a common superscript differ significantly (P ≤ 0.05)
Location- Eggshell (Infrared thermometer), Air cell and Cloaca (Transponder)
1
Pooled SEM= 0.11
2
Pooled SEM= 0.44
Mean readings of eggshell and air cell temperatures using infrared thermometry and transponder
telemetry, respectively from 13 through 19 days of incubation; Mean readings of air cell and
cloaca temperature using transponder telemetry from 19 through 21 days of incubation.

Table 3.3

Mean temperature readings recorded in both locations (eggshell and air cell)
at different time periods.
Time Periods

Days of Incubation

AM

PM

13

101.24

101.29

14

101.42

101.55

15

101.70

101.70

16

101.78b

102.03a

17

102.07

102.01

18

101.97

101.96

19

101.86a

100.31b

a,b

Means within row with no common superscript differ significantly (P ≤ 0.0001)
Pooled SEM = 0.16
Mean values of temperature readings that were recorded in both locations (eggshell and air cell)
in the AM and PM from 13 through 19 days of incubation1
1
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Table 3.4

Mean air cell and cloaca temperatures readings in six hour intervals from 19
through 21 days of incubation1.

Time period

Air cell

Cloaca

192pm

37.7

37.4

198pm

38.3a

37.7b

202am

38.3

38.2

208am

38.1

38.2

202pm

38.2

38.3

208pm

38.5

38.5

212am

38.4

38.6

218am

38.3

38.6

a,b
1

Means within row with no common superscript differ significantly (P ≤ 0.001)
Pooled SEM = 0.51

Figure 3.1

Temperature readings of a thermometer, probe, and transponder recorded
every 3 minutes.
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Figure 3.2

Temperature readings of a thermometer and 3 different transponder devices
every 3 minutes within a one hour period.

Figure 3.3

Average embryo temperature between 12 and 19 days of incubation by
location

Semi-circadian (recorded AM and PM) mean temperature readings recorded between 12 and 19 days of
incubation, using an infrared thermometer for the eggshell temperature (ES-IT), and a transponder for air
cell temperature (AC-TR) in a total of 36 embryonated eggs.
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Figure 3.4

Mean air cell temperature and cloacal temperature recorded every 6 hours
from 19 through 21 days of incubation.

*Significant difference between treatments (P ≤ 0.05)
Mean semi-circadian readings of air cell temperature (AC-TR) and cloacal temperature (CL-TR) using
transponders recorded every 6 hours from 19 through 21 days of incubation.

Figure 3.5

Correlation between eggshell and air cell temperatures from 13 through 19
days of incubation

Relationship between eggshell temperature (EST) using infrared thermometer and air cell temperature
(ACT) using transponder from 13 through 19 days of incubation plotted on scatter plot
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Figure 3.6

Correlation between air cell and cloaca temperatures from 19 through 21
days of incubation

Relationship between air cell (ACT) and cloaca (CLT) temperatures using transponder
from 19 through 21 days of incubation plotted on scatter plot
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CHAPTER IV
EFFECT OF EGGSHELL COLOR ON THE DETERMINATION OF BROILER
EMBRYO TEMPERATURE USING INFRARED THERMOMETRY AND
EFFECTS OF EMBRYO TEMPERATURE ESTIMATION
METHODOLOGY ON EGGSHELL
CONDUCTANCE VALUES

Abstract
Eggshell temperature (EST) readings using an infrared device are commonly used
to estimate embryo temperature during incubation. In 2 experiments, Ross x Ross 708
broiler hatching eggs were incubated at 37.5°C dry bulb and 29.4°C wet bulb
temperatures. The first experiment was conducted to determine if the color of an eggshell
affects EST due to its absorption and reflectance properties. Prior to set, eggshell color in
L*, a*, b* coordinates were measured at the equator of each egg. The EST using an
infrared thermometer (IRT) was recorded from 0 through 18 d of incubation (DOI). The
EST was not influenced by eggshell color throughout the 0 to 18 DOI period.
Furthermore, in a second experiment, three modes of temperature measurements: EST,
air cell (ACT), and cloaca (CLT) temperatures, as means to estimate embryo or internal
egg temperature were studied, for the determination of eggshell conductance (GH2O) and
specific eggshell conductance (gH20). The EST was determined using an IRT from 0 to 19
DOI. The ACT was measured using a transponder from 12 to 19 DOI. The CLT was
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determined using a transponder at 19 DOI. There was a significant correlation between
the different methods used to estimate internal temperature for the calculation of GH2O
and gH20 in the 12 to 19 DOI (EST and ACT) (r ≥ 0.99, P < 0.0001), and 19(10am)-19(4pm)
(EST, ACT, and CLT) (r ≥ 0.99, P < 0.0001) time periods. However, there was a
significant difference in GH2O or gH20 when ACT or EST represented internal egg
temperature for the 12 to 19 DOI time period. Similarly, a significant difference was
observed in the calculated GH2O or gH20 when EST, ACT, or CLT represented internal egg
temperature for the 19(10am)-19(4pm) time period. For both time periods, GH2O and gH20
values calculated by using ACT were significantly lower than the other two
measurements. These findings suggest that because ACT more closely reflects embryo
body temperature, it should be used to more accurately calculate the GH2O and gH20 of
broiler hatching eggs.
Introduction
As one of the most complex and highly differentiated reproductive cells, the avian
egg contains all the essential nutrients needed for the survival of the developing embryo.
It is also surrounded by structures which protect the embryo from physical harm and for
the preservation of its food and water supply, while allowing for respiration to occur
(Romanoff and Romanoff, 1949). The avian egg possesses various external qualities,
among which are its size and shape, and the color and texture of its shell (Romanoff and
Romanoff, 1949).The color of the egg is said to give it a decorous appearance. However,
it is open to speculation as to why birds lay eggs that vary in color, shade, and pattern. In
spite of the existence of a large spectrum of eggshell pigments, the color of the eggshell,
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as observed using a spectrometer, reveals that it is limited to either the red or green
portions of the spectrum (Romanoff and Romanoff, 1949).
Eggshell color is an important egg quality characteristic and is dependent entirely
on the deposition of pigments during shell formation (Romanoff and Romanoff, 1949).
Eggshell pigments are peculiar to the breed of bird, however, the intensity of eggshell
pigmentation within each breed may differ (Shafey et al., 2004). Investigations regarding
the effects of light exposure on incubating eggs have yielded conflicting information
(Shafey et al., 2002). However, the distinctive characteristics of an eggshell may impact
its ability to reflect, absorb, and transmit light. Different measurement techniques have
been developed for determining eggshell color. These have included the use of
reflectometry (Wei and Bitgood, 1990); color coordinate systems with L, a, and b values;
and front-face fluorescence spectroscopy (Karoui et al., 2006)
The eggshell consists mainly of calcium carbonate, which forms calcite crystals
that are imperfectly packed across the shell, giving rise to microscopic pores. These pores
serve as pathways for gaseous exchange between the egg’s internal and external
environments (Rahn et al., 1979). The metabolic activity of an embryo during incubation
requires energy, which is largely derived from fat in the yolk. Metabolic activity is also
dependent on the diffusion of oxygen into the egg through the pores of the shell, the
diffusive discharge of carbon dioxide and water out of the egg through the pores, and by
convective heat exchange across the shell. These processes are affected by ventilation,
evaporation, and cooling; however, all these processes are facilitated by temperature
(Meijerhof, 2002).
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Conductance is a measurement of the maximum rate of water loss from an egg,
and it also serves as an estimation of the rate of gaseous exchange across the shell (Ar et
al., 1974; Pagnelli et al., 1978; Christensen et al., 2006). Studies have shown that the
exchange of gases (oxygen and carbon dioxide) and the loss of water through the shell
are vital for the developing embryo (Peebles et al., 1985). Research has also shown that
incubation temperature and humidity influence the water vapor pressure gradient across
the shell (Romanoff, 1936; Tazawa and Rahn, 1987) and the subsequent volumetric flux
rate of water through the pores of the shell (Pringle and Barott, 1937; Meir et al., 1984).
In earlier research, embryo temperature has been estimated using several different
techniques that are usually invasive and are restricted in use during only the later stages
of incubation. Because of its non-invasive nature, EST measurements using an IRT have
been used to indirectly estimate embryo temperature during incubation in recent studies
(Hulet, et al., 2007; Lourens et al., 2005; Joseph et al., 2006). However, limitations to the
use of EST include confounding effects such as the velocity of the surrounding air, the
metabolic activity of the embryo, and the transfer of heat between the embryo and its
surrounding environment (Ozcan et al., 2010). Peebles et al. (2012) demonstrated
recently that the use of transponders, implanted in the air cell of embryonated eggs from
14.5 to 18 DOI, provides a closer estimate of embryo temperature. In addition to the
aforementioned disadvantages to the use of EST, it was hypothesized that EST may also
be influenced by eggshell color. It was also conjectured that the accuracy of eggshell
conductance calculations may be significantly influenced by the method used to estimate
embryo temperature.

59

Calculations of the water vapor partial pressure gradient across the shell (ΔPH2O;
Torr), eggshell water vapor conductance (GH20; mg of H20/d /Torr), and specific GH20
(gH20; GH20 adjusted to a 100 g set egg weight basis; mg of H20/d/Torr/100g) have
commonly been determined by placing eggs into a desiccator at a known temperature and
barometric pressure (Ar et al., 1974; Meir and Ar, 1984; Pagnelli et al., 1978). However,
for the determination of the aforementioned variables in an incubational environment,
Pulikanti et al. (2011) recorded incubator relative humidity (RH) and utilized
transponders in the air cell to determine internal egg temperature. In addition, the
information from transponders in vials was used to determine external temperature. In
light of these combined previous reports, two experiments were conducted. The first was
conducted to determine if the color of an eggshell affects EST due to its absorption of
radiant energy when an IRT is used. The second was conducted to investigate the specific
effects of using EST, air cell (ACT), and cloaca (CLT) temperatures as means to estimate
embryo or internal egg temperature for the subsequent determination of GH20 and gH20.
Materials and Methods
Experiment 1
Preparation of eggs
Eggshell color was quantified using a Chroma Meter CR-400 (Chroma Meter CR400, Konica Minolta Sensing Americas Inc., NJ) in a room with fluorescent lighting.
Before the experiment, the calibration of the Chroma Meter was accomplished by placing
it in the middle of a white calibration plate that was equipped with the standard
calibration data (L*= 98.1, a*= -0.11, b*= 2.00). Eggshell color was estimated by
averaging three reflectance measurements recorded at the equator of each egg. The
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Chroma Meter illuminated the eggshell surface with a surge of light, and interpreted the
amount of light that passed through into L*, a*, b* coordinates.
Incubation
Fifty broiler hatching eggs collected from a commercial source were set under
standard conditions in a calibrated Jamesway model 500 single stage incubator
(Jamesway Incubator Company Inc., Cambridge, ON. Canada). Prior to set, the L*, a*,
b* coordinates of eggshell color were measured for all eggs. The eggs were incubated for
18 days at 37°C dry bulb and 29°C wet bulb temperatures. The EST of each egg using an
IRT (Braun Thermoscan Thermometer, IRT4520, Braun, Kronberg, Germany) was
recorded from 0 through 18 DOI. Subsequently, the temperature and RH of the air in the
incubator were recorded every 5 minutes using HOBO temperature nodes (HOBO ZW
series wireless, Onset Computer Corporation, Bourne, MA).
Instrumentation
The Chroma Meter is a portable handheld device designed to estimate surface
color and surface lightness or darkness with high accuracy. The percentage of light
absorbed at different wavelengths is determined by the Chroma Meter. The Chroma
Meter illuminates the site of interest on a particular object with a surge of light of defined
color and brightness from a pulsed xenon lamp. The light emitted passes through a filter
and six silicon photocells. The highly sensitive silicon photocells make simultaneous
readings of the light source through an integrating diffuser. The light energy is converted
into an electrical signal, processed by a built-in microprocessor, and is then presented on
an LCD screen in the form of L*, a*, and b* values (Muizzuddin et al., 1990).
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Experiment 2
Incubation
A total of 360 broiler hatching eggs were obtained from a commercial Ross x
Ross 708 broiler breeder flock at 38 weeks of age. The eggs were held under standard
conditions for 48 hours, and warmed to room temperature for 4 hours before setting.
Ninety eggs were weighed individually, and only those that were observed to be normal
and that weighed within 10 % of the mean weight of all 90 eggs weighed (59.18 to 72.32
g range) were selected. On 0 DOI, the eggs were labeled with a number from 1 to 90.
Subsequently, 30 eggs were set on each of 3 tray levels of a calibrated Jamesway model
500 single stage incubator (Jamesway Incubator Company Inc., Cambridge, ON.
Canada). Eggs were incubated for 19 days under standard commercial conditions at
37.5°C and 29.4°C dry and wet bulb temperatures, respectively. Air temperatures in the
incubator were recorded every 5 minutes using HOBO temperature nodes (HOBO ZW
series wireless, Onset Computer Corporation, Bourne, MA) placed on each of the 3 tray
levels that the eggs where set on (top, middle and bottom locations of the incubator). On
12 DOI, all the eggs were candled, and eggs not containing live embryos or that
contained slanted air cells were discarded. All the eggs containing live embryos were
weighed. Temperature transponders (implantable programmable temperature
transponder; IPTT- 300; Bio Medic Data Systems Inc., Seaford, DE) were implanted in
the air cells of 20 eggs on each level (60 total eggs) according to the procedure described
by Pulikanti et al. (2011). Furthermore, on 19 DOI, all the eggs were candled and
weighed to verify the survivability of the embryo. A 13 mm diameter hole was created in
the small end of the eggs possessing a transponder in their air cell, in order to expose the
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tail feathers of the embryo. A temperature transponder was inserted through the vent into
the cloaca. The hole was sealed with a clear adhesive tape (Scotch brand, 3M corp., St
Paul, MN 55144). Eggs were placed in divided hatching baskets, each of the baskets was
wrapped in a cheese cloth, and the baskets were then transferred into the hatcher with dry
and wet bulb temperatures set at 36.9°C and 30°C, respectively.
Temperature Measurements
The EST were measured at the equator of all the eggs using an IRT twice daily
from 0 to 21 DOI. After implantation on 12 DOI, ACT readings were recorded twice
daily on all eggs throughout the remainder of the incubation period. The CLT were
recorded every 6 hours between 19 and 21 DOI. These different methodologies were used
to estimate internal egg or embryo temperature for the subsequent calculation of GH2O
and gH2O within the different time period intervals. In addition, incubator air temperature
and RH were recorded using the HOBO and were, likewise, used for the determination of
GH2O and gH2O. Throughout the incubation period, all the temperature readings were
recorded in the incubator.
Calculation of Egg Weight Loss
Egg weight loss (EWL, mg of H2O loss/d of incubation) of each embryonated egg
was calculated for the different time periods designated in Table 4.1 and according to the
procedures used by Pulikanti et al. (2011) that are provided in Table 4.2.
Determination of Eggshell Conductance
The GH2O and gH2O values for all 44 eggs were calculated according to the
procedures of Ar et al. (1974) and according to the modifications specified by Pulikanti et
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al. (2011). The EWL values were calculated for the 0 to 12, 12 to 19, and 19(10am) - 19(4pm)
DOI time periods according to Peebles et al. (2005). The EWL values for the 0 to 12 and
12 to 19 time periods were adjusted to a daily basis, whereas the EWL values for the
19(10am) - 19(4pm) were adjusted to an hourly basis. Therefore, it was not possible to
compare the GH2O and gH2O values in the 19 DOI time period to those in the 0 to 12 and
12 to 19 DOI time periods. The 19(10am)- 19(4pm) DOI time period represents a six hour
time period at which each of the temperature readings were recorded prior to pipping.
The EST, ACT, and CLT for each egg at the different time periods were used to estimate
internal egg temperature. Also, the mean values of incubator temperature (Tinc) and RH
were determined using the HOBO for the aforementioned time periods. For the 0 to 12
DOI time period interval, EST and Tinc, along with the atmospheric barometric pressure
and RH of the incubator air, were used to calculate ΔPH2O. Similarly, for the 12 to 19 DOI
time period interval, mean internal egg temperatures (EST and ACT) and Tinc, along with
the atmospheric barometric pressure and RH of the incubator air, were used to calculate
ΔPH2O. Lastly, at 19(10am)- 19(4pm) DOI, the mean values for the various estimates of
internal egg temperatures (EST, ACT, and CLT) for the first six hours interval and Tinc,
along with atmospheric barometric pressure and RH of the incubator air were used to
calculate ΔPH2O.
The following equations were used to calculate GH20 and gH20:
GH20 =

EWL
∆PH20

(4.1)

Where GH20 is eggshell conductance (mg of H2O/d/Torr); EWL is the rate of
water loss from egg (mg /d); ΔPH2O is P1 - P0 (where P1 is water vapor pressure inside the
64

egg and P0 is the water vapor pressure outside the egg); and ΔPH2O is the difference in
water vapor pressure between the inside and outside of the egg (Torr).
g H20 =

GH20
initial set egg weight

x100

(4.2)

Where gH20 is specific eggshell conductance (mg of H2O/d/Torr per 100g).
Statistical Analysis
After the completion of the first experiment (eggshell color), correlation among
variables (EST, L*, a*, b*) were analyzed using PROC CORR procedure of SAS
software (SAS Institute, 2014). For eggshell conductance analysis, the data were
analyzed using a MIXED model procedure of SAS software (SAS Institute, 2014).
Temperature measurements (EST, ACT, and CLT) were considered as fixed effects, and
each egg was considered a random effect. Also PROC CORR was used to analyze the
correlation among the variables. Means determined to differ significantly (P < 0.05) were
separated using least square means.
Results
Experiment 1
The effect of eggshell color on IRT readings between 0 and 18 DOI were
observed. Eggshell color within the L*, a*, b* coordinates measured at the equator did
not significantly influence the eggshell temperatures recorded using infrared
thermometry. Furthermore, no significant correlation existed between eggshell color
(among the 3 coordinates) and eggshell temperature throughout the 0 to 18 DOI period (P
˃ 0.08). Table 4.3 provides the mean EST (IRT) values, and the associated L*, a*, b*
coordinates for each egg examined.
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Experiment 2
Internal egg temperature during incubation was estimated using EST (IRT), ACT
(transponder), and CLT (transponder) methodologies during the different time periods
(12 to 19 and 19(10am)- 19(4pm) DOI) for the calculation of GH2O, and gH20, as illustrated in
Table 4.2. The EST was determined using IRT from 0 to 19(4pm) DOI. The ACT was
measured using a transponder from 12 to 19 DOI. The CLT was determined using
transponder every six hours from 19 through 21 DOI however only the first six hour
interval was used for the calculation of GH2O and gH20. The GH2O and gH20 were calculated
for each individual egg using the three methods for estimating internal egg temperature.
The mean values of EST and ACT for the 12 to 19 DOI time period interval in the current
study were 38.5°C ± 0.01, and 38.7°C ± 0.02, respectively, while the mean values of
EST, ACT, and CLT for the 19(10am)- 19(4pm) DOI time period were 37.6°C ± 0.09,
37.9°C ± 0.13, and 37.8°C ± 0.12, respectively. The Tinc recorded using HOBO for the
three time periods along with EST, ACT and CLT are represented in Table 4.4. The ACT
between 12 and 19 DOI was significantly higher than that of the EST (approximately
0.2°C), which is similar to that observed in a recent trial in our laboratory (unpublished
data), where the mean values for EST and ACT for the 12 to 19 DOI interval were
38.6°C, and 38.8°C, respectively. The EST and ACT from 12 to 19 DOI were also
previously shown to be correlated. Mean temperature readings for Tinc, EST, ACT, and
CLT from 0 through 19 DOI are provided in a graphical form in Figure 3.1.
The calculated GH2O and gH20 values in the 12 to 19 (using EST or ACT) and
19(10am) - 19(4pm) DOI (using EST, ACT or CLT) time periods are provided in Table 4.5.
As previously mentioned, because the calculation of EWL was on a daily basis for the 12
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to 19 DOI period and was on an hourly basis at 19(10am) - 19(4pm) DOI, the GH2O and gH20
values in the two different time periods were not comparable. There was a significant
difference in GH2O and gH20 when EST or ACT represented internal egg temperature for
the 12 to 19 DOI time period. Also, the calculated GH2O and gH20 differed significantly
when EST, ACT or CLT represented internal egg temperature for the 19(10am) - 19(4pm)
DOI time period. The calculated GH2O and gH20 using ACT as internal egg temperature
were significantly lower than those using EST in the 12 to 19 DOI interval. Also, in the
19(10am)- 19(4pm) DOI period, GH2O and gH20 that were calculated using ACT were
significantly lower than those using CLT or EST, and the GH2O and gH20 calculated using
CLT was significantly lower than those using EST. However, the results in this current
study showed that the calculations of GH2O using EST or ACT within the 12 to 19 DOI
interval were highly correlated (r = 0.99, P < 0.0001), and the calculations of gH20 using
EST or ACT were likewise highly correlated (r = 0.99, P < 0.0001). The same was true
for the 19(10am) - 19(4pm) DOI, in which the GH2O and gH20 values were significantly
positively correlated (r = 0.99, P < 0.0001) when either EST, ACT, or CLT were used to
estimate internal egg temperature.
Discussion
Experiment 1
Romanoff and Romanoff (1949) suggested that solar radiation may be detrimental
to a bird’s egg thereby subjecting the embryo to harm. However, eggshell color may
regulate this effect since pigment is said to be photoprotective (Romanoff and Romanoff,
1949). Pigmentation of the eggshell is derived from protoporphyrin, whose main source
is the hemoglobin of the red blood cell (Romanoff and Romanoff, 1949; Gosler et al.,
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2005). It has been shown that eggshells have the ability to effectively transmit ultraviolet
light (Lahti, 2008). However, protoporphyrin properties also gives it its ability to reflect
infrared (Gosler et al., 2005). Based on the properties of eggshell color and its limitation
to infrared properties, we predicted that eggshell temperature using IRT might be
influenced by eggshell color. However, our data did not support this prediction. Eggshell
color quantified into L*, a*, b* coordinates did not have a significant effect on eggshell
temperature in the 0 to 18 DOI time period.
Experiment 2
It has been reported that temperature is an important factor for a successful
incubation process (Hulet et al., 2007; Lourens, 2005; French, 2009). French (1997)
suggested that embryonic development during incubation is dependent on the temperature
of the incubating air, the metabolic activity of the embryo, and the thermal conductivity
of the egg and its surrounding air. Also, embryonic metabolism is driven by temperature,
and requires the diffusion of oxygen into the egg through microscopic pores in the shell,
and the outward diffusion of carbon dioxide as a metabolic by-product through the same
pores (Rahn et al., 1979). Thus, French (2009) suggested that shell conductance and body
temperature can influence the rate of oxygen uptake and the subsequent metabolism of
the embryo. Therefore, actual internal egg temperature can be used for the estimation of
embryonic temperature and metabolic rate (Janke et al., 2004).
In this context, the focus of the experiment was to examine the specific effects of
using different means of estimating internal egg temperature (EST, ACT, and CLT) for
the determination of GH2O and gH20. Upon determining EST and ACT values, it was found
out that there was a significant main effect due to the type of internal temperature
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estimation methodology used (EST and ACT). Our results support that of other research
that reported an increase in embryonic metabolic activity during mid incubation as a
result of a significant increase in embryo temperature (French, 1997; Hulet, 2007;
Lourens, 2001). Similarly, Peebles et al. (2012) reported an increase in air cell
temperature despite the lack of an associated increase in eggshell temperature when IRT
or a transponder attached to the external surface of the shell were used. A decrease in
temperature (EST, ACT, and CLT) was observed during the late incubation period (19
DOI). The ACT temperature was significantly different from the EST and was
numerically higher than CLT; however, a decrease in temperature for all three parameters
might have been due to the effect of a reduction in air temperature when the eggs were
transferred into the hatcher, as well as the invasiveness of implanting a transponder in the
cloaca.
Furthermore, a significant correlation was observed when EST and ACT were
used as estimates of internal temperatures for the subsequent calculation of GH2O and gH20
for the 12 to 19 DOI time period; and when EST, ACT, and CLT were used as estimates
of internal temperature for the subsequent calculation of GH2O and gH20 for the 19(10am) 19(4pm) DOI period. These results are based on the fact that the types of methodologies
used within each time period mirrored each other. More importantly, there was a
significant difference in the calculated GH2O and gH20 when EST or ACT were used as
estimates of internal temperature for the 12 to 19 DOI time period. Also there was a
significant difference in the calculated GH2O and gH20 at 19(10am) - 19(4pm) DOI when EST,
ACT, or CLT were used as estimates for internal temperature. On both occasions
calculated GH2O and gH20 using ACT were significantly lower than the other two
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measurements. The decrease in the calculated GH2O using ACT indicates that it is
important to use ACT to calculate the vapor pressure gradient across the shell. Similarly,
incubation temperature is said to regulate the growth and metabolism of the embryo, as
well as the water vapor pressure within the egg (Stikeleather and Brake, 1990; Pringle
and Barott, 1937; Barott, 1937). Since the temperature of the embryo drives the uptake of
oxygen and the output of carbon dioxide across the microscopic pores of the eggshell,
estimating embryo temperature using ACT to calculate GH2O and gH20 provides a better
understanding of the diffusive properties of the eggshell.
Calculations of GH2O have usually been based on unfertilized eggs placed in a
desiccator with known environmental conditions (temperature, relative humidity, and
barometric pressure) (Ar et al., 1974; O’Dea et al., 2004). Recently, Pulikanti et al.
(2011) calculated GH2O and gH20 using embryonated eggs from 10.5 to 18.8 DOI. Internal
temperature was estimated using ACT (transponders in the air cell on 10.5 DOI), and
external temperatures were estimated using transponders in a vial placed in proximity to
the eggs in the incubator trays. Mean values of GH2O and gH20 in this current experiment,
when EST and ACT were used as estimates for internal temperature within the time
period 12 to 19 DOI, were 16.59 and 16.24 ± 0.67 mg of H2O /D/Torr; and 25.and, 24.8
± 1.04 mg/ d/ Torr per 100g, respectively (Table 4.5). Pulikanti et al. (2012) reported
means values for GH2O and gH20 to be 14.4 ± 0.56 mg of H2O /D/Torr and 25.0 ± 0.96 mg/
d/ Torr per 100 g, respectively for embryonated eggs (ROSS X ROSS strain) within the
10.5 and 18 DOI time period, and Ar et al. (1978) reported GH2O and gH20 values for the
domestic chicken to be 14.4 mg of H2O /D/Torr and 26.7 mg/ d/ Torr per 100 g,
respectively. Though the current mean values of GH2O were different from these previous
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studies, this difference might be due to the different time periods the parameters were
calculated, or the different methods of estimating the internal egg temperature (ACT is
said to closely reflect the embryos temperature during incubation). However, the gH20
(which takes into account the differences in the weight of the egg) were closely
comparable.
In conclusion, ACT was shown to estimate a higher internal egg temperature from
12 through 21 DOI. This result subsequently resulted in lower calculated GH2O and gH20
values in comparison to those calculated using EST and CLT. Several studies have shown
that eggshell temperature may vary based on the position of the egg in the incubator or
the air flow across the egg in the incubator, additionally, estimating CLT of the embryo is
very invasive. The ACT not only provides the temperature that the embryo is
experiencing, but can also be used to more accurately calculate the GH2O and gH20 of
broiler hatching eggs. In addition, the lack of correlation between the L*, a*, b* values
and EST using IRT suggests that there might not be enough difference in eggshell
pigmentation among eggs belonging to a particular strain or within breed to significantly
influence EST readings using an IRT. However, further study should be done to examine
this differences in the different strains and breeds of chickens.
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Table 4.1

Calculation of egg weight loss for the three different time periods.

Time period (0 to 12 doi)
EWL= Initial EW – EW at 12 BTI
12 days of incubation

Time period (12 to 19 doi)
EWL= EW at 12 ATI – EW at 19 BTI

Time period (1910am to 194pm doi)
EWL= EW at 1910am ATI – EW at 194pm

7 days of incubation

6 hours of incubation

EWL= Egg weight loss (EWL, mg of H2O loss/d of incubation)
EW = Egg weight
BTI= before transponder implantation
ATI= after transponder implantation
194pm= egg weight 6 hours after implantation
EWL corrected from g to mg
Table 4.2

Calculation of eggshell water vapor conductance (GH2O), and GH2O adjusted
to 100g of set egg weight basis (gH2O).

Calculation
Egg weight at d 0 = 68.659 g = 68,659 mg
Egg weight at d 12 (before implantation) = 63.698 g = 63,698 mg
Δ EWL mg of H2O of loss/d of incubation (0 – 12 doi) = (68659 - 63698/ 12) = 413.42 mg /d
Average barometric pressure (BP) = 761.67 Torr
BP correction factor (BCF) = 760/761.67= .998
Average relative humidity from 0 -12 doi (RHinc) = 54.84 /100 =.5484 (this was done for each
time period)
Eggshell temperature (EST) = 37.8°C (converted to Torr) = 49.2 Torr
Incubator Temperature (Tinc) averaged over 0 – 12 doi = 37.8°C (converted to Torr) = 49.2 Torr
Internal water vapor press corrected for BP (IH2O) = EST X BCF (49.2 X .998) = 49.1 Torr
External water vapor press corrected for RH (EH2O) = 49.1 X .5484 = 26.9
ΔPH2O (Torr) =IH2O X EH2O = 49.1 X 26.9 = 22.2 Torr
GH2O = Egg weight loss for 0 and 12 doi (before implantation) / Δ PH2O (Torr) = 413.42 /22.2 =
18.63 mg of H2O/d/Torr
gH2O = {[GH2O/EWL (g)] X 100} = {[18.63/413.42] x 100} = 27.13 mg of H2O/d/Torr per 100g

Calculation (according to Pulikanti et al., 2011) showing how the following were derived based
on 1 of the 44 embryonated eggs implanted with transponder; average egg weight loss for time
period 0 to 12 doi (EWL), average internal egg temperature (EST), external temperature (Tinc) and
RH using HOBO, internal (IH2O) and external (EH2O) water vapor pressures, difference in water
vapor pressure between the inside and outside of the egg (PH2O), eggshell water vapor
conductance (GH2O), and GH2O adjusted to 100g of set egg weight basis (gH2O).
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Table 4.3

Means values of eggshell temperature (°C), and L*, a*, b* coordinates for
44 eggs from 0 to 18 days of incubation.
EGG NUMBER

EST
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

L
38.06
38.06
38.00
38.06
38.06
38.00
38.06
38.06
38.06
38.06
38.11
38.11
38.06
38.11
38.11
38.06
38.06
38.11
38.11
38.06
38.11
38.11
38.11
38.11
38.11
38.17
38.11
38.11
38.11
38.11
38.17
38.11
38.11
38.17
38.17
38.06
38.11
38.11
38.11
38.11
38.11
38.11
38.17
38.11

a
82.31
82.27
85.26
82.8
84.65
83.34
81.94
78.63
78.6
80.56
84.38
69.52
71.57
84.23
75.74
79.97
78.59
82.77
82.79
81.89
81.53
84.91
81.72
79.57
76.2
76.16
78.72
79.56
79.64
78.07
85.39
83.01
79.72
78.28
78.3
77.51
72.78
73.2
83.67
82.11
84.86
82.14
80.34
82.76
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b
6.9
6.71
4.6
6.55
3.56
6.82
4.5
7.3
6.92
6.12
3.72
11.87
9.32
3.27
9.27
4.88
6.3
4.06
4.75
5.29
4.71
2.87
5.59
5.75
8.53
8.41
6.99
6.94
7.34
6.74
2.27
4.21
6.7
7.73
7.67
8.54
9.18
11.13
4.44
5.52
2.88
5.29
6.12
4.28

22.98
22.74
21.41
22.29
19.59
21.27
16.18
21.02
21.75
20.13
15.43
26.76
19.71
15.85
24.71
18.2
18.82
18.11
15.01
15.77
19.35
15.35
20.27
20.42
22.94
23.55
22.78
21.33
20.68
24
17.69
17.73
19.81
20.64
23.44
24.56
23.95
24.43
17.2
19.78
15.36
16.96
21.94
20.01

Table 4.4

Mean values of incubator air, eggshell, air cell, and cloaca temperatures for
the 0 to 12, 12 to 19, and 19 time periods.
Temperature (°C)

Time periods

Tinc

EST

ACT

CLT

0 to 12 DOI

37.8

37.9

-

-

12 to 19 DOI

37.7c

38.5b ± 0.01

38.7a ± 0.01

-

19 DOI

37.3b

37.5 ± 0.09b

37.9 ± 0.13a

37.8 ± 0.12a

a,b

Means within a row with different superscript differ significantly (P <0.0001)
Mean values of incubation air temperature using HOBO (Tinc), eggshell temperature
using infrared thermometer (EST), air cell temperature using transponders (ACT), and
cloaca temperature using transponders (CLT) for the 0 to 12, 12 to 19, and 19 days of
incubation (DOI).
Table 4.5

Calculated mean values of GH2O and gH2O using eggshell and air cell
temperature readings for the 12 to 19 days of incubation (DOI) period, and
using eggshell, air cell, and cloaca temperature readings for the 19 DOI.
12-19 DOI

19 DOI

Temperature

GH2O

gH2O

GH2O

gH2O

Eggshell

16.53a

25.3a

6.05a

9.32a

Air cell

16.24b

24.8b

5.64c

8.68c

Cloaca

-

-

5.91b

9.10b

SEM

0.55

0.83

0.79

1.23

a-c

Means for a parameter within a column with different superscript differ significantly
(P <0.0001)
GH2O (mg of H2O/d/Torr) and gH20 (mg of H2O/d/Torr per 100g) for 12 to 19 DOI, and
GH2O (mg of H2O/hr/Torr) and gH20 (mg of H2O/hr/Torr per 100g) for 19 DOI
Calculated mean values of GH2O and gH2O using eggshell and air cell temperature readings
for the 12 to 19 days of incubation (DOI) period on a per day basis, and using eggshell,
air cell, and cloaca temperature readings for the 19 DOI period on a per hour basis

74

.
Figure 4.1

Average incubator, eggshell, air cell, and cloaca temperatures for 0 to 19
days of incubation

(n=44 Ross 708 eggs per treatment).
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CHAPTER V
MONITORING THE AIR CELL TEMPERATURES OF BROILER
HATCHING EGGS USING TRANSPONDERS
AND PROBE NETWORKS

Abstract
A system of miniaturized networked devices was developed to enable the
monitoring of embryo temperature in incubating eggs using probes. The system was
evaluated by recording the same measurement points using implanted radio temperature
transponders. Correspondence of the two sets of data will facilitate an efficient and low
cost method of monitoring metabolic output of embryos on a large scale. The system
developed will enhance an understanding of embryo metabolic development, and it will
facilitate more advanced research to further advance the technology of egg-to-chicken
conversion. The system has the potential of having an “embryo-in-the-loop” type of
advancement for highly efficient incubation technology. This paper is a part of embryo
temperature correlation research, which examines air cell temperatures with probes and
implanted temperature transponders, and the temperatures of the eggshell using infrared
thermometry. Sixty eggs were weighed and set in a single egg incubator employing the
three temperature measurement modes. Eggshell temperatures were recorded twice daily
from 0 through 19 days of incubation (DOI). On 12 DOI all the eggs were candled, and
the air cells of eggs containing live embryos were implanted with transponders and the
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networked probes (nodes). Non-fertile eggs were excluded from the experiment. Eggshell
and air cell (transponder) temperature readings between 12 and 19 DOI were positively
correlated, however mean shell and air cell temperatures differed significantly. To further
substantiate the estimation of embryo temperature using air cell readings, a network of
probes may be effectively inserted in the air cells of eggs alongside transponders from 12
to 19 DOI.
Introduction
Through quantitative selection practiced by commercial breeding companies, the
modern broiler exhibits a fast and efficient growth rate (Havenstein et al., 2003; Fasenko
et al., 2009). However, these genetic advances have resulted in a decrease in post-hatch
life span, while the embryonic stage makes up a larger percentage of its total life span
(Fasenko et al., 2009). An increase in the level of productivity and performance in
modern broiler breeds is accompanied with a limited ability to tolerate suboptimal
incubation conditions (Janke et al., 2004). Temperature is a primary factor that influences
incubation success. Over the years, extensive research has been conducted to evaluate the
relationship between incubation temperature and embryo temperature, as well as
modulating environmental conditions during incubation to meet the requirements of the
embryo (French, 2009). High or low temperatures during incubation have been shown to
be a basis for the development of disease (Sozcu and Ipek, 2015), retarded growth and
organ function (French, 2000; Oviedo-Rondon et al., 2008), and a decrease in overall
performance (Joseph et al., 2006; Hulet et al., 2007).
In commercial hatcheries, the convectional way of estimating embryo temperature
is by recording the temperature of the air within the incubator. However, air temperature
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does not always accurately reflect embryo temperature. Because other methods of
estimating embryo temperature during incubation are invasive, the monitoring of eggshell
temperature (EST) using an infrared thermometer (IRT) has been adopted (Lourens et al.,
2005; Hulet et al., 2007). More recent incubator designs have incorporated the use of
thermal sensors at different locations within the incubator to measure the EST of a
number of eggs as a reference point to control the inner temperature of the incubator
(Jamesway, 2013). However, adopting the use of infrared thermometry to measure EST
universally does not validate its effectiveness in estimating the actual temperature of the
embryo during incubation. This is further emphasized by the fact that EST is known to be
influenced by air flow within the incubator (French, 1997).
Experimentally, the use of transponders in the air cell of eggs for the estimation of
embryonic temperature during incubation have been shown to closely reflect a higher
embryo temperature when compared to EST (Peebles et al., 2012). Adaptive controls in
an incubator that take into account actual embryo conditions, can lead to an increase in
the hatchability of good quality chicks and their subsequent post hatch performance. It
can also improve incubation operation efficiency by maximizing energy savings, which
can reduce operational and investment costs. This paper continues to explore the different
methods of estimating embryo temperature during incubation. The present study also
compares the use of transponders in the air cell, a network of thermistor probes in the air
cell, and infrared thermometry, for the estimation of embryo temperature from 12 through
19 DOI.
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Materials and Methods
This study was carried out in two experiments. Eggs from 35 week old Ross 708
broiler breeders were collected. Forty eggs were set in two experiments, 12 days apart, in
a calibrated Jamesway model 500 single stage incubator (Jamesway Incubator Company
Inc., Cambridge, ON. Canada). The incubator settings in both experiments were at
37.5°C and 29.4°C dry and wet bulb, temperatures, respectively. The eggs for both
experiments were weighed individually prior to incubation, and 40 eggs were placed on a
single tray level in each experiment. Air temperature and relative humidity within the
incubator were logged every 5 minutes by a HOBO temperature logger (HOBO ZW
series wireless, Onset Computer Corporation, Bourne, MA). The HOBO logger was
located close to the tray level of the eggs. The EST for all eggs were recorded twice daily
using an IRT from 0 to 19 DOI. All eggs were candled and weighed on 12 DOI.
After candling and weighing on 12 doi, each live embryonated egg was implanted
with a transponder and a thermistor probe in the air cell. The transponder implantation
procedure was according to that described by Pulikanti et al. (2011). The instrument used
to collect temperature data from thermistor probes was a Compact Field Point cFP-2120
from National Instruments. Four 8-channel analog input modules were used: AI-102, AI110, AI-110, and AI-100. The thermistor probes (nodes) were a part of a miniaturized
circuit designed to be a networked embedded temperature data collection system. The
nodes were wired directly to the analog input modules of the cFP using a set of colorcoded ribbon cables, and the nodes were powered with an external power supply of the
cFP using a 5-volt voltage regulator (Fig 5.1). The data recordings were taken in one-
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minute intervals and they were parsed to obtain a sub-set that was used in the analysis in
synchrony with the data collected using the transponder and the IRT.
Results
In two experiments, embryo temperature was estimated using EST (IRT), and
ACT (transponders and a network of connected probes). The EST was estimated from 0
to 19 DOI, while ACT was estimated from 12 through 19 DOI. Embryo temperature
estimated using EST (IRT) and ACT (transponders) showed an exponential increase at a
constant ambient temperature from 12 through 19 DOI. There was a significant main
effect due to DOI. Although a significant positive correlation was observed between EST
and ACT (transponder) during that time period (r = 0.83, P < 0.0001), mean EST and
ACT (transponder) differed significantly. Furthermore, both of the ESA=T and ACT
readings were higher than that of the incubator air temperature (Tinc). The mean
temperature readings for EST, ACT, and Tinc are provided in Table 5.1. The increasing
values of EST (IRT), and ACT (transponder) as incubation progressed, provides an
overall indication of the temperature change over time from 12 through 19 DOI. This is
depicted in Figure 5.1. The Tinc recorded using HOBO is also provided in Figure 5.1.
By the end of the first experiment, seventeen out of the thirty-two connected
probes were operational, and at the end of the second experiment, only six nodes were
operational. Upon statistically analyzing only the data of twelve eggs from 12 DOI in the
first experiment for all parameters (EST, ACT (transponder and probe), it was observed
that ACT (probe) was numerically higher than that of ACT (transponder) and EST. Mean
values of the temperature measurements were 38.3°C ± 0.02 (EST), 38.4°C ± 0.02 (ACTTransponder) and 39.1°C ± 0.11 (ACT-Probe). Upon conducting correlation analysis for
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the EST, ACT (transponder), and ACT (probe) readings on 12 DOI, it was found that
there was no significant correlation between the three measurements. Furthermore, a
significant difference was observed among the temperature measurements on 12 DOI (P
< 0.0001), with ACT (probe) temperature readings being significantly higher than ACT
(transponder) and EST temperature readings. Figure 5.2 shows the variation in embryo
temperature using EST, ACT (transponder and probe) for each of the 12 eggs on 12 DOI.
Discussion
The EST (IRT) and ACT (transponder) have been previously used in our
laboratory to estimate embryo temperature. The use of the miniaturized network of
probes in the air cell was included in conjunction with the other two methods (EST using
IRT and ACT using transponder) to record embryo temperature wirelessly. Several
studies have been conducted to estimate the deep body temperature of embryos using
thermistor probes. Incubator air temperature has also been recorded in other studies by
placing thermistor probes in the center of the incubator tray so that the tip of the
thermistor was in open air and close to the egg (French, 2000; Janke et al., 2004).
Thermistor probes have likewise been attached to the eggshell using a heat conducting
tape in other reports to estimate EST (Lourens, 2001; Lourens et al., 2006 a, b).
Furthermore, internal egg temperature has been estimated in previous studies by inserting
thermistor probes towards the small end of the egg between the chorio-allantoic
membrane and the embryo (Holland et al., 1998; Janke et al., 2004; Tzschentke, 2008), in
the yolk (Renema et al., 2006) or in the cloaca or colon (Holland et al., 1998; Tzschentke,
2008). Some of these authors acquire their temperature data by connecting the
thermistors to a data acquisition module that transmits the data to a laptop. However,
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these processes have their limitations. Implanting transponders in the air cell between 12
and 14 DOI has been proven to successfully estimate embryonic temperature. Thus, the
use of a network of probes was progressed further by implanting them in the air cell and
allowing each of the probes to be connected to a circuit node to cross-talk and transmit
their signals wirelessly to a laptop.
Mean temperature readings for Tinc, EST, and, ACT (transponder) that were
recorded from 12 through 19 DOI are provided in graphical form in Figure 4.3. The ACT
(transponder) was significantly higher than EST and Tinc (ambient), while EST was
significantly higher than Tinc. The differences in the EST and ACT (transponder) to Tinc
further affirm that the relationship of the embryo to its incubational environment is a
dynamic process, with the embryo responding its environment and more specifically the
incubation conditions (French, 2009). Furthermore, the use of transponders in the air cell
for the estimation of embryo temperature also supports the results from our laboratory
(unpublished data), which asserts that ACT detects a higher embryonic temperature in
comparison to that detected by EST. This evidence led us to use of probes in the air cell
of embryonated broiler eggs to help us better understand the relationship that these two
device have in the same location in estimating embryo temperature.
In the current study, it was observed that ACT (probe) was significantly higher
than ACT (transponder) and EST (IRT) at 12 DOI. The individual EST, ACT
(transponder) and, ACT (probe) for each of the twelve eggs are graphically represented in
Figure 5.4. Only the data at 12 DOI was statistically compared, because ACT (probe)
recordings increased to very high temperatures. The data after 12 DOI were not possible
physiologically. The nodes connected to the probe apparently malfunctioned after 12
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DOI. This might be due to the effect of humidity on the nodes. Carlon (1988) describes
moist air conductivity in terms of Ohm’s law. He states that “the current between two
electrically conductive bodies at a given RH and temperature is exactly proportional to
the field between them” (Carlon, 1988). He further suggested that increasing RH
increases the current between two bodies, which is due to the accumulation of surface
water films on the bodies. The bodies in this instance were the nodes attached to the
thermistor probes.
Based on our results, the technology adopted to estimate embryo temperature
using connected thermistor probes requires further modification to suit the incubational
environment, particularly since RH is said to cause the formation of surface water films
on the nodes. These surface films produces large conduction currents between conductive
bodies that can change the charge carriers (Carlon, 1988). Furthermore, the use of
insulators might be needed to protect the nodes from the RH of the incubator, so that
sensitive measurements (temperature) can be made in a still or moving air environment
and thereby preventing experimental error. In addition, because the use of transponders in
the air cell more closely reflects embryo temperature during incubation, its use in
commercial settings should be further explored.
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Table 5.1

Mean values of incubator air, eggshell, and air cell temperatures (°C) from
12 through 19 days of incubation1.

12 – 19 DOI

Tinc

EST

ACT (Transponder)

37.7c

38.7b

38.9a

a-c

Means within a row with a common superscript differ significantly (P < 0.0001)
Tinc was recorded using the HOBO data logger, EST using infrared thermometer, and
ACT using a transponder.
Mean values of incubator air temperature (Tinc), eggshell (EST), and air cell temperature
using transponder (ACT) temperatures (°C) from 12 through 19 days of incubation1

Figure 5.1

The overall set up thermistor probes in the air cell and the process of
generating the data
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Figure 5.2

Wires connected from the power source through the roof of the incubator to
the connected probes in the egg.
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Figure 5.3

The power source, router, and cFP with color coded wires connected to the
nodes and thermistor probes.

Figure 5.4

Connected network of probes inserted into the air cell of different eggs.
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Figure 5.5

Position of the eggs within the incubation.
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Figure 5.6

Graphical illustration of eggshell, air cell, and incubator temperatures from
12 through 19 days of incubation (DOI).

Graphical illustration of eggshell (EST), air cell (ACT), and incubation temperatures (Tinc) from 12
through 19 days of incubation (DOI). The Tinc was recorded using the HOBO data logger, EST using
infrared thermometer, and ACT using a transponder

Figure 5.7

Eggshell (EST), and air cell (transponder (TR)) and probe temperatures for
12 eggs on day 12 of incubation.
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CHAPTER VI
SUMMARY

It is important to correctly and accurately estimate a correct embryo temperature
in order to maximize hatchability, chick quality, and post hatch performance. The
temperature of the embryo is known to be the driving force behind the process of
development and how well the content of the egg is converted into a healthy chick. Three
different methodologies (eggshell, air cell, and cloaca) were utilized to estimate internal
egg temperature during incubation. Eggshell temperature using an infrared thermometer
provided information about the external temperature of the eggshell and the interactive
influences of the embryo and its thermal environment; where air cell and cloaca
temperatures more specifically provided information on the core body temperature of the
embryo. Implantation of transponders in the air cells of broiler hatching eggs from 12 to
19 DOI proved to be effective in estimating more accurately embryo temperature and
showed that embryo temperature is higher than those of the eggshell during the last half
of incubation. It also showed that between 13 and 19 DOI, air cell temperature can be
used as an accurate measurement of broiler embryo core body temperature.
Furthermore, embryonic metabolism is driven by temperature and requires the
diffusion of oxygen into the egg through microscopic pores in the shell and the outward
diffusion of carbon dioxide to the external environment. Actual internal egg temperature
can be used for the estimation of embryonic temperature and metabolic rate. Research has
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shown that incubation temperature and humidity influence the water vapor pressure
gradient across the shell. The specific effects of using different means of estimating
internal egg temperature (EST, ACT, and CLT) for the determination of GH2O and gH20
were observed in this study. The results showed that there was a significant difference in
the calculated values GH2O and gH20 when EST or ACT were used as estimates of internal
temperature within the time period 12 to 19 DOI. Also, there was a significant difference
in the calculated values of GH2O and gH20 when EST, ACT or CLT were used as estimates
of internal egg temperature for the 19 DOI time period. This finding indicates that
because ACT more closely reflects embryo temperature, it should be used to more
accurately calculate the GH2O and gH20 of broiler hatching eggs.
Lastly, wirelessly recording embryonic temperature during the different stages of
incubation is a promising method that will help modify the incubational environment to
better suit the needs of the embryo. Thus, improvements applied to the use of thermistor
probes to estimate embryonic temperature should be further explored.
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